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SYNTHESIS  OF  HARD  MATERIALS 
BY  LASER  PROCESS  AND  IN  B-O  SYSTEM 


SUMMARY  OF  RESEARCH 

4\s  indicated  in  the  projposed  work  for  the  coQtjract,  we  followed  two  areas  in  parallel: 

1.  Laser-assisted  synthesis  of  high  density  phases  including  CaCOa; 

2.  New  "ultrahard"  phases  in  the  system  B-O. 

This  ONR  grant  can  take  credit  for  establishing  the  laser  route  to  hard  materials  as  a  reality  for 
the  world  which  did  not  believe  the  Derjaguin  results,  our  work  not  only  confirmed  their  work  but 
extended  it  into  novel  composition  (CaC03)  to  explain  its  mechanism.  Today  there  is  a  sudden  burst  of 
interest  in  the  process  from  India  to  Japan.  The  abstracts  of  our  five  papers  in  the  field  give  a  useful 
summary  of  our  achievements. 


1.  Diamond  Formation  in  Air  by  the  Fedoseev-Derjaguin  t..aser  Process 

Diamond  and  other  high-pressure  phases  of  carbon  were  synthesized  in  air  by  exposing  fine 
particles  of  carbon  black  to  carbon  dioxide  and  Nd-YAG  laser  radiation.  The  high-pressure 
phases  were  separated  from  the  carbon  black  by  selective  oxidation  and  were  characterized 
by  electron  and  x-ray  diffraction.  Formation  of  cubic  diamond,  chaoite,  and  graphite  were 
confirmed. 

2.  High-Pressure  Plvases  of  Si02  Made  in  Air  by  Fedoseev-Derjaguin  Laser  Process 

Exposure  of  a  falling  stream  of  1pm  average  size  a-quartz  particles  to  a  continuous  wave  or 
pulsed  CO2  laser  beam  in  air  resulted  in  the  formation  of  a  complete  series  of  high-pressure 
phases  of  silica;  coesite,  stishovite,  and  apparently  even  denser  forms  with  a-Pb02  and 
Fe2N  structures.  Since  the  laser  exposure  technique  works  with  the  carbon  black  to  diamond 
transition,  the  technique  is  confirmed  as  a  simple  and  generally  applicable  means  to  achieve 
the  same  effects  as  exposure  to  several  hundred  kilobars  pressure. 

3.  TEM  Characterization  of  Structural  Changes  in  Graphite  Plates  due  to  Pulsed  CO2  Laser 
Irradiation 

4.  Separation  of  Synthetic  Diamond  from  Carbon  Black  by  Oxidation 

5.  Laser-Induced  Calcite-Aragonite  Transition 

High-pressure  phases  of  CaCOa,  namely  aragonite,  calcite  II,  and  possibly  calcite  III,  were 
synthesized  in  air  by  exposing  10-  to  20-mm-size  particles  of  CaCOa  (calcite  I  phase)  to  a  CO2 
laser  radiation  at  short  pulse  lengths  (SO.1  ms).  The  process,  therefore,  has  the  same  effect 
as  exposing  the  particles  to  at  least  several  hundred  megapascals  pressure.  Processing  at 
higher  pulse  lengths  resulted  in  the  decomposition  of  CaCOa  to  CaO  and  C02-  The  extent  of 
decomposition  increased  with  increasing  pulse  length. 


The  papers  themselves  arc  appended  to  provide  full  details  on  our  work. 

The  BxO  work  also  has  stirred  up  interest  worldwide  but  it  was  much  less  definitive.  Clearly 
there  is  something  there!  There  appears  to  be  a  unique,  very  hard  phase  which  scratches  diamond. 
The  data  from  Oxford  University  illustrate  the  problem — extremely  high  hardness  numbers  in  one  part 
of  the  sample  and  very  modest  in  others. 

One  abstract  follows: 


1 .  BxO;  Phases  Present  at  High  Pressure  and  Temperature 

Boron  suboxide  compounds  are  of  interest  because  of  their  low  densities  coupled  with  high 
hardness.  In  the  present  study,  we  have  attempted  to  determine  the  nature  of  the  BxO  phases 
that  occur  in  the  field  defined  by  pressures  of  zero  to  13  CPa,  temperature  between  1200*  and 
1700X1,  and  the  compositional  range  2/3  5  x  S  24.  Amorphous  boron  pjowder  and  boric  acid 
B2O3  were  the  starting  reactants  for  all  the  runs.  The  processing  of  the  specimens  was  carried 
out  in  a  controlled  atmosphere  furnace,  a  hot  pressing  assembly  and  in  a  piston-cylinder  high 
pressure  apparatus  within  quasi-hydrostatic  and  inductively  heated  cell  assemblies.  After 
processing  at  elevated  temperature  and  pressure,  for  compositions  over  the  range  2/3  S  x  S  6, 
B2O3  (identical  to  the  hexagonal  starting  material)  and  B60  (R3m)  were  the  dominant 
phases  present.  For  the  compositions  7  S  x  S  24,  B60  and  rhombohedral  B  were  the  primary 
phases  identified.  In  general,  the  hardness  of  the  processed  composites  was  dominated  by 
the  occurrence  of  B60  (approximately  equivalent  to  B4C).  However,  there  is  some  suggestion 
of  particularly  high  values  of  hardness  on  a  very  localized  scale  in  specimens  near  the  B22O 
composition. 

j 

i 

j 

The  conclusion  is  obvious:  There  is  much  to  be  gained  from  high-risk  research  in  the  diamond 

field. 
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DIAMOND  FORMATION  IN  AIR  BY  THE 
FEDOSEEV-DERJAGUIN  LASER  PROCESS 

M.  Alam,  T.  DebRoy,  R.  Roy,  and  E.  Breval 
Materials  Research  Laboratory,  The  Pennsylvania  State  University, 

University  Park,  PA  16802 

(Received  2^  July  1988;  accepted  in  revised  form  10  October  1988) 

Abatmf— Diamond  and  other  high-pressure  phases  of  carbon  were  synthesized  in  air  by  exposing  fine 
particles  of  carbon  black  to  carbon  dioxide  and  Nd-YAG  laser  radiation.  The  high-pressure  phases 
were  separated  from  the  carbon  black  by  selenive  oxidation  and  were  characterized  by  elecuoii  and 
i-ray  diffraction.  Fonnaiion  of  cubic  diamond,  chaoite,  and  grapli;te  was  confirnied. 

Kn  Words— Diamond,  laser  radiation,  Dcrjaguin,  chaoite. 


I.  INTRODUCTION 

Diamond  is  widely  used  as  hard  coatings  for  cutting 
and  grinding  tools,  as  films  in  semiconductor  de¬ 
vices,  and  in  optical  and  audio  components.  Work 
on  the  synthesis  of  diamond  was  initiated  several 
decades  ago.  Much  of  the  previous  work  was  con¬ 
cerned  with  the  transformation  of  vanous  carbona¬ 
ceous  materials  to  synthetic  diamond  by  application 
of  high  pressure  and  temperature  where  diamond  is 
the  thermodynamically  stable  form.  Examples  of 
successful  diamond  synthesis  by  application  of  static 
pressure  include  the  General  Electric  process(l),  the 
work  of  Liander  and  Lundbladp],  Bundy|3]  and 
Vereshchagin  ei  a/.  (4].  In  experiments  conducted  by 
DeCarli  and  Jamei$on(5}  and  in  the  DuPont  pro- 
cess(6]  high  dynamic  pressures  were  applied  to  car¬ 
bon  samples  by  detonation  of  suitable  explosives  to 
yield  diamonds.  Today,  diamond  films  are  being  grown 
from  hydrogen-hydrocarbon  mixtures  at  less  than 
atmospheric  pressure  and  at  temperatures  below 
1000*C  by  plasma-assisted  vapor  deposition  tech- 
niques(7-llj  based  on  work  done  mainly  in  the 
USSR(7]  and  later  in  Japan[10]. 

In  1983  Fedoseev  and  Der]aguin|12,13]  reported 
a  radically  different  and  incredibly  simple  method 
of  diamond  synthesis.  The  technique  involved  ex¬ 
posing  a  flowing  loose  powder  of  carbon  black,  in 
air,  to  a  modest  carbon  dioxide  laser  flux,  1500  watts/ 
cm’  in  continuous  wave  mode.  They  claimed  that 
this  simple  treatment  resulted  in  the  transformation 
of  fine  carbon  black  particles  to  high-pressure  phases 
like  a  and  carbynes,  chaoite,  lonsdaleite,  and  dia¬ 
mond.  The  separation  of  the  transformed  high-pres¬ 
sure  phases  from  the  untransformed  carbon  black 
was  not  easy.  It  involved  boiling  of  the  laser-treated 
material  in  hydrochloric  acid  for  10  h  and  subsequent 
oxidation  in  air  plasma  at  100‘C.  Although  their  work 
opened  up  a  potentially  new  technique  for  the  syn¬ 
thesis  of  high-pressure  phases,  an  enormous  range 
of  important  questions  remain  unanswered.  How 
generalizable  is  the  process?  Can  the  increase  in  power 


density  or  change  in  laser  wavelength  lead  to  a  better 
yield  of  material?  Can  the  diamond  be  separated  by 
a  relatively  simple  tec.hnique? 

The  objective  of  this  work  was  to  confirm  and 
extend  the  works  of  Fedoseev  er  a/.[12,13].  In  the 
experiments  reported  in  this  article  the  variables 
studied  were  the  power  density,  wavelength  of  laser, 
and  the  laser  mode  (continuous  wave  and  pulsed). 
Finely  divided  a-quarta  oarticles  were  also  exposed 
to  the  laser  beam  to  examine  the  generality  of  the 
process|14]. 

If,  indeed,  the  mere  exposure  to  high  fluxes  of 
photons  can  cause  solid  state  transformations,  the 
method  becomes  a  general  tool  in  materials  science. 
Understanding  the  mechanism  offers  a  challenge  and 
an  opportunity  to  extend  its  use  as  a  synthetic  tool 
which  could  possibly  produce  phases  unattainable 
by  other  means.  The  implications  for  theories  of 
cosmology  and  stellar  and  planetary  formation  could 
also  be  far-reaching. 

2.  EXTEMMENTAL 

A  variety  of  carbon  black  and  graphite  particles 
were  selected  ranging  in  size  from  20  to  1000  nm. 
Streams  of  such  particles  were  exposed  to  both  con¬ 
tinuous  wave  and  pulsed  COj  and  Nd-YAG  laser 
beams  at  various  power  densi  ies.  The  processed  ma¬ 
terial  was  concentrated  to  separate  the  high-pressure 
product  phases  from  the  untransformed  material  and 
analyzed  by  x-ray  and  electron  diffraction  for  the 
identification  of  the  products.  A  schematic  diagram 
of  the  experimental  set-up  is  shown  in  Fig.  1.  The 
set-up  consisted  of  either  an  Everlase  model  525  CO.- 
laser  or  a  Raytheon  Nd-YAG  User  and  an  electri¬ 
cally  powered  vibrating  feeder.  The  particles  were 
injected  horizontally  and  were  treated  with  a  verti¬ 
cally  transmitted  laser  beam.  The  laser-processed 
particles  were  collected  in  a  glass  beaker. 

The  discharge  from  the  powder  feeder  was  suit¬ 
ably  positioned  such  that  the  particles  could  interact 
with  the  laser  beam  either  at  the  focal  spot  or  at  a 


289 


290 


M.  Alam  et  al. 


Fig.  1.  Schematic  diagram  of  the  experimenlal  lei-up. 

predetermined  distance  from  the  focal  spot.  The 
laser-treated  material  was  recycled  several  times  to 
ensure  improved  laser-panicle  interaction.  The  types 
of  materials  used  and  the  specific  conditions  of  the 
experiments  are  given  in  Table  1. 

The  laser-treated  samples  were  panly  oxidized  in 
order  to  enf  h  the  denser  product  phase.  The  ki¬ 
netics  of  oxidation  of  carbon  black  in  air  at  773  K 
were  found  to  be  much  faster  than  for  diamond  The 
details  of  the  selective  oxidation  work  were  recently 
reponed[15]  in  Carbon.  The  laser-processed  samples 
were  heated  in  air  for  at  least  16,600  s.  The  ponion 
of  the  samples  recovered  after  the  oxidation  treat¬ 
ment  was  dispersed  in  a  bromoform-acetone  solution 
of  density  2.40  gm/cc.  Since  the  respective  densities 
of  carbon  black  and  diamond  are  2.05  gm/cc  and 
3.52  gm/cc,  only  particles  containing  at  least  25% 
diamond  by  volume  could  settle.  The  dense  fraction 
was  then  analyzed  by  x-ray  and  electron  diffraction. 

3.  RESULTS  AND  DISCUSSION 

Untreated  and  laser-treated  carbon  black  samples 
after  enrichment  were  analyzed  by  electron  diffrac¬ 


tion  for  the  identification  of  various  carbon  forms. 
The  unprocessed  carbon  black  particles  were  amor¬ 
phous  and  those  particles  did  not  give  any  electron 
diffraction  pattern.  The  morphology  of  untreated 
carbon  black  and  laser-processed  carbon  black  sam¬ 
ples  is  shown  in  Fig.  2.  The  specific  surface  areas  of 
untreated  carbon  black,  carbon  black  after  laser 
treatment  and  the  laser-processed  carbon  black  sam¬ 
ples  after  enrichment  by  80%  oxidation  at  510"C 
were  32,  28.5,  and  29  mVgm,  respectively.  Results 
of  transmission  electron  microscopy  indicated  that 
the  material  after  treatment  was  crystalline  and  con¬ 
tained  graphite,  chaoite,  and  diamond  particles.  No 
a  or  3  carbynes  or  lonsdaleite  particles  were  ob¬ 
served  in  the  TEM  study.  Again,  Fedoseev  et  o/.(13J 
pointed  out  that  the  presence  of  lonsdaleite  was  not 
unambiguously  established  from  their  results. 

A  micrograph  of  a  diamond  particle  and  a  con¬ 
vergent  beam  electron  diffraction  pattern  from  the 
particle  are  shown  in  Fig.  3.  The  diamond  crystal 
possessed  a  streaked  structure  due  to  {111}  twinning. 
The  electron  diffraction  pattern  shown  in  Fig.  3(b) 
possesses  all  the  cubic  diamond  reflections  along  with 
the  forbidden  {002}  and  {222}  reflections  that  are 
commonly  observed  in  synthetic  diamonds.  The  for¬ 
bidden  reflections  are  due  to  twinning  and  double 
diffraction.  For  example,  the_{002}  spoj_was  ob¬ 
served  due  to  reflections  from{lTl}  and  {lll}planes. 
The  splitting  in  the  spots  in  the  pattern  is  also  due 
to  twinning  and  double  diffraction.  One  of  the  spots 
stemming  from  the  {111}  twin  structure  is  anowed. 
Weak  reflections  from  double  diffraction  are  also 
seen  in  the  pattern.  The  interplanar  spacings  com¬ 
puted  from  the  diffraction  pattern  are  presented  in 
Table  2.  The  computed  values  are  in  good  agreement 
with  the  corresponding  values  for  diamond  listed  in 
the  powder  di^raction  file.  The  lattice  parameter 
computed  from  the  electron  diffraction  data  is  3.62 
A  which  agrees,  within  experimental  errors,  with  the 
value  3.54  A  reported  in  the  literature. 

The  inplanar  spacings  computed  from  the  selected 
area  electron  diffraction  pattern  of  chaoite  particles 


Table  1.  Laser-carbon  processing  experiments 


No. 

Material 

Size 

(wm) 

Punty 

(%) 

Atmos. 

Feed  Rate 
(mg/s) 

Laser 

Mode 

Power 

Density 

(W/cm>) 

No.  of 
Passes 

1 

Graphite 

43 

>97.5 

•ir 

— 

cw 

1  X  10* 

2 

Graphite 

43 

>97.3 

air 

4.0 

cw 

4250 

5 

3 

Graphite 

43 

>97.5 

•ir 

4.0 

pulsed* 

330000 

5 

4 

Graphite 

1 

>99.9995 

air 

5.0 

CW 

1  X  10* 

5 

5 

Graphite 

1 

>99.9995 

•ir 

4.0 

pulsed* 

330,000 

3 

6 

Graphite 

1 

>99.9995 

•r|on 

5.0 

CW 

217.000 

5 

7 

Graphite 

1 

>99.9995 

argon 

5.0 

cw 

177.000 

5 

R 

Carten  Black 

0.043 

>99.0 

air 

4.0 

cw 

4200 

7 

9 

Carbon  Black 

0.043 

>99.0 

air 

4.0 

pulsed* 

330.000 

7 

10 

Carbon  Black 

0.043 

>99.0 

air 

4.0 

pulsed** 

7,640 

5 

*2  ms  pulse  width,  100  Hz. 

**Nd-YAC  laser,  2.2  ms  pulse  width.  190  Hz. 


DuniODd  fomution 


/' 


W1 


Fig.  2.  Transmission  electron  micrographs  of  (A)  unprocessed  and  (B)  laser-processed  carbon  black 
sample.  (See  Table  1,  Sample  No.  9  (or  experimental  conditions.) 


are  presented  in  Table  2,  together  with  the  corre¬ 
sponding  data  from  the  powder  diffraction  file.  It  is 
observed  that  the  computed  values  agree,  within  the 
range  of  experimental  errors,  with  the  available  in- 
terplanar  spacing  data.  The  latuce  parameters  o,  and 
c,  computed  from  the  data  were  8.86  and  14.14, 
respeaively.  These  values  agree  well  with  the  «,  ■ 
8.95  A  and  c,  «*  14.08  A  values  reported  by  Goresy 
and  Donnay(16].  The  electron  diffraction  study  also 
indicated  the  presence  of  graphite  in  the  enriched 
sample.  Under  the  microscope,  the  high  pressure 
phases  were  observed  more  frequently  in  the  pulsed 
laser  processed  sample  as  compared  to  the  sample 
processed  in  the  continuous  wave  mode. 

Results  of  x-ray  diffraction  studies  indicated  the 
presence  of  diamond,  chaoite,  and  graphite.  No  a 
or  0  carbynes  were  detected.  The  x-ray  diffraction 
data  of  untreated  carbon  black  and  laser-treated  car¬ 
bon  black  samples  are  presented  in  Table  3.  In  sam¬ 
ples  treated  with  both  continuous  wave  (sample  8) 
and  pulsed  (sample  9)  laser  irradiations,  major  peaks 
of  diamond  were  present.  All  reflections  of  cubic 
diamond  were  observed  in  the  samples  treated  in  the 
pulsed  mode.  Although  it  can  be  argued  that  several 
of  the  interplanar  spacings  listed  in  Table  2  are  com¬ 
mon  to  both  cubic  diamond  and  lonsdaleite,  the  in¬ 
terplanar  spacing  at  0.89  A  observed  in  sample  9  is 
unique  to  cubic  diamond.  Furthermore,  lonsdaleite 
particles  were  not  detected  in  the  TEM  work. 

In  the  electron  diffraction  work,  it  was  observed 
that  the  frequency  of  occurrence  of  chaoite  particles 
in  the  sample  was  rather  low.  This  ob'.ervation  is  in 
agreement  with  the  x-ray  data  where  only  a  few 
chaoite  reflections  are  observed.  However,  the  d- 


spacings  of  2.49  A  for  sample  8  and  1 .38  A  for  sample 
9  correspond  exclusively  to  chaoite  and  to  no  other 
carbon  form.  In  the  diffraction  pattern  for  the  carbon 
black  samples,  the  d-spacings  at  3.35  and  3.34  A 
correspond  to  the  1(X)  intensity  peak  of  rhomboh- 
edral  graphite  and  cannot  be  attributed  to  any  other 
carbon  form,  that  is,  diamond,  lonsdaleite.  chaoite. 
a  and  3  carbynes.  The  100  intensity  line  of  hexagonal 
graphite  lies  at  3.36  A  which  is  fairly  close  to  the 
strong  3.35  A  and  3.34  A  lines  observed  in  the  pat¬ 
terns.  Thus,  some  carbon  black  was  indeed  graphi- 
lized.  Fedoseev  er  al.  indicated  that  some  panicles 
gave  electron  diffraction  patterns  in  accordance  with 
reflections  for  both  hexagonal  anJ  rhombohedral 
graphite.  It  is  to  be  noted  that  the  carbon  black 
sample  contained  more  than  99%  carbon  and  the  d- 
spacing  values  at  4.13  A.  3.73  A,  and  1.99  A  in 
samples  8  and  9  are  attributed  to  the  presence  of 
impurities  since  these  lines  were  also  present  in  the 
starting  carbon  black  sample. 

From  the  x-ray  dau,  it  is  observed  that  chaoite. 
diamond,  a.rd  graphite  were  present  in  the  processed 
material.  The  presence  of  lonsdaleite  could  not  be 
unambiguously  established.  It  has  been  proposed 
that  the  transformation  to  diamond  from  carbon  black 
takes  place  after  graphitization(17].  Indeed.  Fedo¬ 
seev  a  al.[\2\  achieved  better  transformation  to  dia¬ 
mond  when  polycrystalline  graphite  was  used  as  the 
starting  material  as  compared  to  carbon  black.  How¬ 
ever,  no  high-pressure  phases  were  delected  in  the 
laser-processed  graphite  samples  in  our  experiments 
This  apparent  discrepancy  must  be  viewed  in  the 
context  of  the  findings  of  DeCarli  and  Jamieson|5j 
who  indicated  that  only  the  rhombohedral  form  of 
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Table  2.  Iiiteiplaoar  spacings  of  diamond  end  chao'te 
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hkl 

d(A) 

(calculated) 

d(A) 

(powder  diffraction  file) 

Diamond 

111 

2.09 

2.06 

220 

1.28 

1.26 

311 

1.09 

1.08 

400 

0.91 

0.89 

331 

0.83 

0.82 

«. 

3.62 

3.57 

Chaoite 

110 

4.63 

4.47 

301 

2.63 

2.55 

304 

2.11 

2.10 

401 

1.87 

1.81 

227 

1.54 

1.50 

600,306 

1.31 

1.29 

0. 

8.86 

8.95 

e. 

14.1 

14.08 

graphite  could  be  transformed  to  diamond  by  ap¬ 
plication  of  high  dynamic  pressure.  In  their  experi¬ 
ments,  no  transformation  occuned  in  the  hexagonal 
form  of  graphite.  Although  Fedoseev  et  u/.(12,13) 
did  not  report  the  crystal  structure  of  graphite  used 
in  their  experiments,  in  view  of  the  results  of  DeCarli 
and  JamiesonfS]  it  appears  that  the  graphite  used  by 
Fedoseev  ei  a/.(12,13|  probably  contained  some 
rhombohedral  form. 

The  mechanism  for  transformation  is  not  known. 
Fedoseev  tt  al.  speculated  that  the  transformation 
of  carbon  black  to  diamond  occurs  because  of  rapid 
heating  and  cooling.  When  particles  of  sufficiently 
small  size  are  exposed  to  the  laser  beam,  their  tem¬ 
peratures  rise  so  rapidly  that  the  equilibrium  thermal 


expansion  cannot  occur.  As  a  result,  the  particles 
experience  a  very  large  stress  at  high  temperature 
which  results  in  the  phase  uansfonnation.  The  high 
cooling  rate  is  imporunt  to  ensure  preservation  of 
the  transformed  product  phases.  In  our  experiments, 
beam  pulsing  led  to  somewhat  higher  yields,  which 
is  consi..tent  with  both  rapid  heating  due  to  higher 
power  density  (Table  1)  and  rapid  cooling  when  the 
beam  is  switched  off  during  pulsing.  When  we  used 
a  Nd-YAG  laser  of  1.06  itm  wavelength,  the  yield 
of  the  material  was  insignificant. 

The  Derjaguin  laser  method  of  synthesis  of  high- 
pressure  phases  discussed  in  this  article  is  not  limited 
to  the  carbon  system.  Fedoseev  eial.  synthesized  the 
high  pressure  polymorphs  of  silica,  namely  coesite 
and  stishovite,  from  a-quartz  by  the  laser  orocess. 
We  found  that  a-quartz  particles  on  interacting  with 
the  laser  beam  not  only  transform  to  coesite  and 
stishovite  but  to  two  other  high  pressure  polymorphs 
having  FejN  type  and  a-PbOj  type  crystal  structure. 
Work  is  now  in  progress  on  several  other  systems 

4.  SIMMARY  AND  CONCLUSIONS 

The  report  of  Fedoseev  and  Derjaguin  that  dia¬ 
monds  can  be  made  by  merely  exposing  carbon  to 
a  modest  laser  flux  in  air  has  been  confirmed.  Finely 
divided  carbon  black  particles  of  0.043  ^.m  average 
size  were  transformed  into  diamond,  cliaoite,  and 
graphite.  The  diamond  crystals  exhibited  twinning 
and  {002}  and  {222}  forbidden  reflections  commonly 
observed  in  synthetic  diamonds.  The  extent  of  con¬ 
version  was  somewhat  higher  when  the  processing 
was  carried  out  in  the  pulsed  niode  at  a  high  laser 
power  density. 


Table  3.  X-ray  diffraction  Jata  for  unprocessed  and  laser-processed  carbon  black  samples 


Untreated 
Carbon  Black 

d(A) 


Wl. 


Laser-treated 

8 


Carbon  Black 
y 


d(A)  I/I.  d(A) 


I'l. 


Peak  Pertaining  to  the  Carbon  Phase 


4.14 

v$ 

4.13 

VI 

4.13 

VS 

3.72 

% 

3.73 

vs 

3.73 

vs 

— 

— 

3.35 

s 

3.34 

VS 

Graphite  (3.35,  100) 

— 

2.82 

w 

— 

— 

— 

— 

2.49 

vw 

— 

Chaoite  (2.46,  40) 

— 

— 

2.14 

vw 

Graphite  (2.13, 10);  Chaoite  (2.10. 40) 

•- 

2.06 

w 

2.06 

» 

Diamond  (2.06,  100);  Lonsdaleite 
(2.06,  100) 

1.99 

i 

1.98 

w 

1.99 

w 

— 

— 

— 

— 

1.82 

w 

Graphite  (1.82,  5) 

— 

1.38 

vw 

Chaoite  (1.37,  20) 

•a» 

•• 

1.26 

w 

Diamond  (1.26,  U);  Lonsdaleite 
(1.26.75) 

1.07 

w 

Diamond  (1.08, 16);  Lonsdaleite 
(1.08.  50);  Chaoite  (1.08,  20) 

* 

0.89 

w 

Diamond  (0.89,  8) 

** 

•w 

0.82 

w 

Diamond  (0.82, 16);  Lonsdaleite 
(0.82.  25) 

vs  ■  very  strong;  s  •  strong;  w  -  weak;  vw  ■  very  weak. 

CuKa  radiation  at  40  kV  and  16  mA  wu  used  with  nickel  Pilter.  Exposure  times  were  24  h  for 
untreated  urbon  black  and  72  h  and  96  h  for  umples  8  and  9.  respectively. 
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High-pressure  phases  of  Si02  made  in  air  by  Fedoseev-Derjaguin  laser 
process 
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(Received  S  July  1988;  accepted  for  publication  23  August  1988) 

Exposure  of  a  falling  stream  of  1  /jm  average  size  a-quartz  particles  to  a  continuous  wave  or 
pulsed  COj  laser  beam  in  atr  resulted  in  the  formation  of  a  complete  series  of  high-pressure 
phases  of  silica:  coesite,  stishovite,  and  appari  itly  even  denser  forms  with  a-PoOj  and  Fe2N 
structures.  Since  the  laser  exposure  technique  works  with  the  carbon  black  to  diamond 
transition,  the  technique  is  confirmed  as  a  simple  and  generally  applicable  means  to  achieve  the 
same  effects  as  exposure  to  several  hundred  kilobars  pressure. 


For  the  last  several  decades,  synthetic  hard  materials 
have  been  produced  by  the  application  of  high  static  and 
dynamic  pressures  at  elevated  temperatures.  Familiar  e.xam- 
ples  include  synthesis  of  diamond and  the  production  of 
high-pressure  phases  of  the  oxides  of  group  IV  elements, 
particularly  silica. Ail  these  techniques  for  synthesis  in¬ 
volved  application  of  very  high  pressures,  often  of  the  order 
of  several  tens  of  thousands  of  atmosphere  at  elevated  tem¬ 
peratures  where  the  targeted  high-pressure  phase  is  thermo¬ 
dynamically  stable. 

In  1983  Fedoseev  el  a!.'*  reponed  a  radically  difl'erent 
and  incredibly  simple  method  of  diamond  synthesis.  The 
‘echnique  involved  exposing  a  flowing  loose  powder  of  car¬ 
bon  black  and  graphite,  in  air,  to  a  modest  laser  flux.  They 
claimed  that  this  simple  treatment  resulted  in  the  transfor¬ 
mation  of  fine  carbon  b!;.ck  and  graphite  particles  to  chaoite, 
lonsdaleite,  and  diamond.  In  a  subsequent  article  in  1983, 
Fedoseev  et  al,'*  reviewed  their  diamond  work  and  indicated 
that  the  technique  could  also  be  applied  to  the  synthesis  of 
high-pressure  phases  of  silica  and  boron  nitride.  Fedoseev  el 
at.  synthesized  two  high-pressure  polymorphs  of  silica, 
namely,  coesite  and  stishovite,  from  a-quartz  by  the  laser 
process.  Their  work  opened  up  a  potentially  new  technique 
for  the  synthesis  of  high-pressure  phases. 

We  have  verified  the  diamond  work'*  by  exposing  fine 
particles  of  carbon  black  to  continuous  wave  and  pulsed  la¬ 
ser  radiation  in  air  at  various  power  densities.  X-ray  and 
electron  diffraction  of  the  ennched  laser-processed  samples 
indicated  the  formation  of  cubic  diamond,  c.haoite,  and  both 
hexagonal  and  rhombohedral  graphite.  The  diamond  was 
observed  as  — 10  nm  twinned  crystals. 

The  objective  of  the  work  reported  here  was  to  confirm 
and  extend  the  findings  of  Fedoseev  et  at,  with  regard  to 
silica.  We  have  not  only  produced  coesite  and  stishovite  by 
this  technique,  as  reported  by  Fedoseev  et  ai,  but  also  two 
other  silica  phases  having  a-PbO]  and  FejN  structures. 
These  phases  are  the  highest  pressure  phases  of  silica  ever 
made  by  this  or  any  other  technique. 

Fine  particles  of  a-quartz  were  exposed  to  both  contin¬ 
uous  wave  and  pulsed  CO]  laser  beams  at  vanous  power 
densities.  The  processed  material  was  concentrated  with  re¬ 
spect  to  the  product  phases  and  analyzed  by  x-ray  and  elec- 
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tron  diffraction  for  the  identification  of  the  products.  A 
schematic  diagram  of  the  experimental  setup  is  shown  in 
Fig.  1.  The  setup  consisted  of  an  Everlase  model  525  CO- 
laser  and  an  electrically  powered  vibrating  feeder.  The  pani¬ 
cles  were  injected  horizontally  and  were  treated  with  a  verti¬ 
cally  transmitted  laser  beam.  The  laser-processed  particles 
were  collected  in  a  glass  beaker.  The  type  of  material  used 
and  the  specific  conditions  of  the  experiments  are  presented 
in  Table  I.  Examination  of  Table  I  indicates  that  in  general 
transformation  occurred  when  pulsed  la.ser  radiation  was 
used.  For  samples  7, 8,  and  9  the  pulse  lengths  used  were  3,3, 
and  2  ms,  respectively,  while  the  frequency  of  pulsing  was 
1(X),  -WO,  and  1(X)  Hz,  respectively. 

After  laser  processing,  the  powder  was  disp«.  ed  in  a 
hydrofluoric  acid  solution.  The  undissolved  portion  was 
cleaned,  dried,  and  characterized.  The  yield  of  the  high-pres¬ 
sure  phases  in  all  the  experiments  was  very  small  (  <  0.5% ) 
and  in  all  cases  melting  of  some  silica  particles  was  observed. 

The  a-quartz  particles  on  exposure  to  either  continuous 
wave  or  pulsed  CO]  laser  beam  were  transformed  to  high- 
pressure  polymorphs  of  silica,  namely,  coesite,  stishovite,  a- 
PbOj-type,  and  FcjN-type  modifications. 

Two  selected  area  electron  diffraction  patterns  obtained 
by  tilting  a  coesite  grain  to  different  degrees  are  shown  in 
Figs.  2(a)  and  2(b).  The  d-spacing  values  calculated  frem 
the  diffraction  patterns  are  presented  in  Table  II.  The  dif¬ 
fraction  pattern  shown  in  Fig.  2(b)  contains  a  dense  row, 
caused  by  a  long  axis.  Since  among  the  various  silica  phases 
only  coesite  and  tridymite  have  a  long  b  axis  and  x-ray  dif- 


FIG.  I.  Schematic  diagram  of  the  experimental  setup. 
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Table  I.  Eiptnirienul  conditions  for  processing  Matenal  a-quartz; 
average  particle  size  1  «in;  purity  99  99‘"1j,  atmosohere.  air 


Feed 

rate 

(m|/i) 

Laser  mode 

Power  density 
(kW/cm=) 

No.  of 
passes 

Transformation 

observed 

IS 

conMnuou^  wive 

O.S 

6 

no 

IS 

continuous  wave 

1.6 

'  6 

no 

IS 

continuous  wave 

4.2 

6 

yes 

4 

continuous  wave 

10.0 

10 

no 

s 

continuous  wave 

I7.« 

10 

no 

4 

continuous  wave 

1200.0 

10 

y«* 

4 

pulse 

3S00 

7 

y« 

4 

pulse 

I0O0.0 

10 

;e$ 

4 

pulse 

900.0 

2 

y« 

fraction  data  do  not  indicate  the  presence  of  tridymite,  the 
dense  row  is  an  indication  of  the  presence  of  coesite.  The 
distance  between  the  spots  in  the  dense  row  is  about  12  A 
which  is  equal  to  the  distance  between  {010}  planes  of  coe¬ 
site.  The  {010}  reflection  is  forbidden  in  monoclinic  struc¬ 
ture  (coesite),  but  can  become  visible  due  to  double  diffrac¬ 
tion.  A  particle  containing  a  dense  row  was  isolated.  A 
dark-field  micrograph  of  such  a  particle  is  shown  in  Fig. 
3(a).  A  selected  area  electron  diffraction  pattern  from  the 
particle  in  Fig.  3(a)  is  presented  in  Fig.  3(b).  The  pattern 
clearly  indicates  the  dense  row  spots  corresponding  to  {010} 
planes. 

Stishovite  grains  were  found  in  small  groups  in  the 
specimen.  A  dark-field  micrograph  of  a  typical  group  of  sti¬ 
shovite  grains  is  shown  in  Fig.  4(a).  A  selected  area  diffrac¬ 
tion  (SAD)  pattern  from  the  particles  in  Fig.  4(a)  is  pre¬ 
sented  in  Fig.  4(b).  Only  the  {AA  0}  reflections  of  stishovite 
can  be  observed  in  the  diffraction  pattern.  The  d-spacing 
values  calculated  from  the  diffraction  patterns  are  presentee 
in  Table  11.  Several  electron  diffraction  patterns  were  taken 
by  tilting  the  specimen.  However,  no  significant  change  in 
the  patterns  was  observed  due  to  the  very  small  size  of  the 
particles.  The  presence  of  only  the  {AA  0}  reflections  in  the 
diffraction  pattern  indicates  preferred  orientation  of  the  sti¬ 
shovite  grains  which  lie  on  their  {001 }  planes.  It  seems  that 
several  stishovite  grains  lie  on  top  of  each  other  in  the  same 
way  as  clay  minerals  and  other  layered  minerals  do.  When 
hit  by  the  electron  beam,  these  grains  are  charged  and  split 
away  from  each  other  in  the  {001}  plane.  On  splitting,  the 
stishovite  grains  lie  on  the  {001}  planes  and  have  approxi¬ 
mately  the  same  orientation  in  the  {001 )  plane  within  about 
1 5*.  This  is  why  only  the  {hk  0}  reflections  are  observed.  The 


TABLE  it  InierpUnur  vpucings  of  comte  and  iiiihoviie. 


hkl 

(/(Al 

(calculated) 

d(A) 

(powder  diffraction  Ale) 

-Coesite 

1)1.  1)2 

2.6) 

2.69 

241,  201 

2.42 

2.)) 

221,  240 

2.14 

2.18 

))0.  0)) 

1.66 

1.84 

1.64 

1.66 

1.S3 

I.5S 

l.)4 

l.)S 

1)2 

l.)2 

Slishoviie 

no 

2.92 

2.96 

200 

2.06 

2.09 

220 

1.46 

1.48 

)I0 

1)0 

1)2 

presence  of  an  incomplete  ring  pattern  indicates  that  the  pa 
tides  are  neither  completely  randomized  nor  have  the  san 
crystallographic  orientation  when  lyingon  the  {001 }  plane 

The  x-ray  diffraction  analysis  of  the  laser-treated 
quartz  samples  indicated  the  presence  of  coesite,  stishovi 
Fe-N-type  and  a-PbOv-type  silica  along  with  a  quartz.  T 
x-ray  diffraction  data  are  presented  in  Table  III.  In  this 
ble,  the  peaks  corresponding  only  to  a-quartz  are  not  p 
sented. 

Examination  of  Table  III  indicates  that  in  both  the 
ser-processed  samples  several  of  the  observed  x-ray  diffr 
tion  peaks  can  be  attributed  to  coesite.  Some  of  the  pe.' 
attributed  to  coesite  are  common  to  other  silica  forms.  He 
ever,  the  x-ray  diffraction  peaks  at  3.09,  2.69,  2.03,  and  1 
A  observed  in  the  two  samples  (Table  III)  are  unique 
coesite.  Furthermore,  the  highest  intensity  peak  of  coesit 
3.09  A  is  present  in  both  the  laser-processed  samples. 

Several  of  the  x-ray  dift’raction  peaks  observed  in  e 
sample  can  be  attributed  to  stishovite  (Table  HI).  Aj 
several  of  these  peaks  are  common  to  other  phases  of  sil 
However,  peaks  at  2.959  and  1.215  A  in  sample  7  are  uni 
to  stishovite  (Table  III).  Furthermore,  the  peak  at  2.95 
is  the  highest  intensity  peak  of  stishovite.  This  peak  is  f 
ent  in  sample  7.  The  second  and  third  major  peaks  of  sti 
vite  at  1.33  and  1.98  A  are  also  present  in  both  the  I; 
processed  silica  samples. 

Several  peaks  of  the  a-PbO;-type  silica  were  observi 
each  of  the  laser-processed  samples.  All  the  observed  p 
are.  however,  common  to  other  forms  of  silica  excep 
peak  at  2.33  A  observed  in  sample  7  which  is  uniqi 


FIO.  2.  Converienl  beam  electrem  dilTrution  paitemi  from  a  coeaiic  parii- 
cU. 


FIC  ).  ( a )  Dark-Acid  microiriph  of  a  particle  coniaininf  a  denw  r 
Converienl  beam  electron  diffraction  paiiem  from  panicle  m  i  a) 
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FIG  4  (a)  Dark-field  micrograph  of  siithovite  grains,  (b)  Selecied-area 
eleciron  dilTraciion  paitem  from  ihs  panicles  in  (a). 


a-PbO;-type  silica.  In  both  the  samples  one  of  the  two  strong 
peaks  of  a-PbO;  at  2.08  A  is  present.  This  peak,  however,  is 
common  to  other  forms  of  silica.  Furthermore,  in  both  the 
samples  at  least  one  of  the  three  moderately  strong  peaks  of 
a-PbOj'type  silica  at  2.33,  2.23,  and  2.13  A  is  present. 
Again,  except  for  the  i^eak  at  2.33  A  which  is  unique  to 
a-FbOj  silica,  ihe  other  peaks  are  common  to  other  silica 
forms. 

P  '  -  ray  diffraction  data  presented  in  Table  III  indi¬ 
cate  t'  :.  ;  N  iype  silica  was  present  in  the  processed  sam¬ 
ple.  C'  nou.5  peaks  that  can  be  attributed  to  Fe,N-type 
si  ica,  t'  '(  r-.  ks  ai  1  3C8,  1.952,  and  1.186  A  are  unique  to 
FtjN-.. . ;  •  '  (Table  III).  The  other  peaks  are  common 
t,j  other  i\. : ", ,  of  silica.  T ne  first  three  major  peaks  of  FcjN- 
type  silica  in  order  of  decreasing  intensity  occur  at  1.308, 
1.952,  and  1.281  A.  At  least  one  ofthese  peaks  occurs  in  each 
of  the  laser  processed  samples.  It  must  be  mentioned  that  Liu 
tt  al.’*  who  first  synthesized  FejN-type-silica  using  the  dia¬ 
mond  anvil  cell  detected  only  the  first  three  major  peaks  of 
the  new  phase  in  the  x-ray  diffraction  pattern.  The  presence 
cfonly  one  or  two  unique  major  peaks  of  Fe^N-type  silica  in 
our  samples  is  indicative  of  the  presence  of  a  very  small 
amount  of  FejN-type  silica  in  the  samples. 

The  presence  of  coesite,  stishovite,  a-PbOj,  and  Fe2N- 
type  signals  in  the  x-ray  diffraction  patteni  indicates  that 
during  processing,  the  particles  were  exposed  to  several 
hundred  kilobars  of  pressure.  Fedoseev  et  speculated 
that  the  transformation  to  high-pressure  phases  occurs  be¬ 
cause  of  rapid  heating  and  cooling.  When  particles  of  suffi¬ 
ciently  small  size  are  exposed  to  laser  beam,  their  tempera¬ 
tures  rise  so  rapidly  that  the  equilibrium  thermal  expansion 
cannot  occur.  As  a  result,  the  particles  experience  very  large 
stress  at  high  temperature  which  results  in  phase  transfor¬ 
mation.  The  high  cooling  rate  is  important  to  ensure  preser¬ 
vation  of  the  transformed  produce  phases.  In  our  experi¬ 
ments,  beam  pulsing  led  to  somewhat  higher  yields  which  is 
consistent  with  both  rapid  heating  due  to  higher  power  den  ¬ 
sity  (Table  I)  and  rapid  cooling  when  the  beam  is  switched 
off  during  pulsing.  However,  the  mechanism  of  transforma¬ 
tion  is  not  clearly  known.  If,  indeed,  the  mere  exposure  to 
high  fluxes  of  photons  can  cause  solid-state  transformations, 
the  method  becomes  a  general  tool  in  materials  science.  Un¬ 
derstanding  the  mechanism  offers  a  challenge  and  an  oppor¬ 
tunity  to  extend  its  use  as  a  tool  for  material  synthesis  which 
could  possibly  produce  phases  unattainable  by  other  means. 
The  implications  for  theories  for  cosmology  and  stellar  and 
planetary  formation  could  also  be  far  reaching. 


Table  III  X-r»ydilTraciiondal»ofU»<r-procrised'^'0;Umples  Phases 
A.  B.  C.  0.  and  E  indicate  coesite.  stishovite.  a  PbO  -iype.  and  Fe.N-type 
silica,  and  a  quanz.  respectively. 


Interplanar 

«6 

Spacing  A 
S7 

Interplanar  spacings  and  intensities 
of  catalogued  phases 

3.029 

3.055  (Si 

A  (3  09.  100) 

2.920  (S) 

B  (2.959.  100) 

2.685 

A  (2.69.  10) 

2.377 

C(2  35.M) 

2.334  (M) 

A  (2.33, 4),  C  (2.351,  M) 

2.280 

2.285  (VW) 

A  (2.29. 8).  C  (2.25,  M),E  (2.282.  12) 

2.230  (M) 

B  (2.246.  18).  C  (2.25.  M).  E  (2.237,  4) 

2.200 

A  (2.18.4),  0(2.218,  12) 

C  (2.152.  M).E  (2.128,9) 

2.085 

2.072  (W) 

B  (2.09. 1 ),  D  (2.056.-).  C  (2.08.  S) 

2.025  (VW) 

A  (2.03. 6) 

1.978 

1.988  (VW) 

B  ( 1.981.35).  C(  1.994),  E(  1.980.  6) 

1.946  (W) 

D(  1.952. 90) 

1.899  (VW) 

A  (1.84, 4).  B  (1.87,  14),  C  ( 1.875.  VW) 

1.821 

C  ( 1.836.  .).£(  1.817. 17) 

1.790  (M) 

A  (1.79,8).  E(  1,801.  <1) 

1.693 

A  (1.70.  10) 

1  668 

A  ( 1.66, 2).  E(  1.659,  3) 

1.577 

1.588  (VW) 

A  (1.58.  6).  C(  1.588.  W) 

1.540 

1.541  (VW) 

A  (1.545, 10),  B  ( 1.53, 50).  C  (  1.555.  W) 

E  (1.5418.9) 

1.523 

0(1.508,  lOO) 

1.474  (M) 

B(  1.478.  18).  C(  1.497,  M) 

1.419  (W) 

A(1.4l8.2).£(l.4|g9.  <1) 

1.404 

1.401  (VW) 

A  (1.409.4),  E(i  418.  <|) 

1.375 

1.374  (M) 

D  ( 1.371,  extinct).  E  ( 1.3752. 7) 

1.334 

1  323  (VW) 

A  (1.321. 2),  B(  1.333, 10) 

1.276 

1.286  (VW) 

A  (1.285.  6),  B  ( 1.291, 2),  C  ( 1.297, .). 
0(1.281.56) 

1.239 

1.227  (W) 

B  (1.235, 25).  C  ( 1.232.  VW),  E  ( 1.236,  4) 

0  (1.223,  extinct),  E(  1.2285,  1) 

1.214  (VW) 

B(  1.215, 10) 

1.182 

1.180  (W) 

A(1.171.6).B(1.185,  2) 

E  (1.1838, 4).  E(  1.1804,  3) 

1.166  (VW) 

0(1.166.15) 

.  .  . 

1.063  (W) 

8(1.062, 2). £(1.0635,  <!) 

1.043 

1.042  (VW) 

8(1.045.2),  E(  1.0437, 2) 

S  •  strong;  M  •  moderate;  W  «  weak;  Vw  m  very  weak. 
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TEM  characterization  of  structural  changes  in  graphite  plates  due  to 
pulsed  CO2  laser  irradiation 

E.  BREVAL,  M,  ALAM*,  T.  DEBROY,  R.  ROY 

The  Pennsylvania  State  University,  University  Park.  PA  16802,  USA 


Expbsur:  of  a  solid  lo  very  high  photon  Iluxcs  can 
generate  high  temperatures  and  pressures  in  some 
combinations.  The  above  mentioned  fact  is  indeed  the 
basis  of  laser  fusion  research.  In  the  first  half  of  this 
decade  Fedoseev,  Derjaguin  and  co-workers  at  the 
Institute  of  Physical  Chemistry  in  Moscow  discovered 
an  extraordinary  phenomenon.  They  demonstrated 
that  many  significant  high  pressure  phases  including 
diamond  (I,  2],  stishovite  (SiOj)  [2]  and  cubic  BN  (2] 
can  be  made  by  exposing  fine  particles  of  carbon 
black,  2-quartz  and  h-BN,  respectively,  to  modest  CO,, 
laser  fluxes  in  air.  These  results  have  been  reproduced 
and  extended  by  a  Penn  State  research  group  [3-5].  In 
all  cases,  the  yield  of  the  transformed  product  was 
rather  low,  although  lower  pulse  length  and  higher 
energy/pulse  improved  the  yield  to  some  extent. 

In  all  the  work  carried  out  so  far,  TEM  was  used  in 
addition  to  X-ray  dilTraction  to  identify  the  product 
phases,  which  had  to  be  concentrated  by  special 
procedures  [3-5].  Such  procedures  are  very  tedious 
because  the  product  appears  only  in  small  quantities 
of  nanometre  size  particles  in  a  large  amount  of 
untransformed  material.  To  overcome  this  difliculty, 
it  was  decided  to  perform  the  irradiation  on  ’large’ 
bulk  samples  and  to  examine  the  irradiated  area  by 
TEM.  We  irradiated  thin  graphite  discs  with  a  pulsed 
COj  laser  beam  and  characterized  the  material  in  the 
interior  and  along  the  laser  induced  crater  wall.  The 
purpose  of  this  paper  is  to  examine  the  n.ino-  and 
micrometer  structure  of  the  region  in  and  around  the 
crater  wall  produced  by  the  laser  pulse(s). 

High  purity  polycrysialline  graphite  discs  ( >  99.9SW% 
C,  grain  size  ~  I  to  10 /im,  disc  diameter  =  25.4  mm, 


thickness  =  10mm)  were  irradiated  with  laser  pulses 
under  vacuum  (pressure  <  S/im  Hg)  using  an  Everlase 
Model  525  CO;  laser  manufacturfd  by  Coherent  Inc. 
The  spots  were  produced  by  1  ms  duration  pulses 
having  a  peak  energy  of  0.7  J.  The  frequency  was 
100 Hz  and  the  total  irradiation  time  was  1  sec.  The 
size  of  the  spots  was  0.25  mm.  The  specimens  for  the 
TEM  study  were  prepared  by  two  methods.  In  the  first 
case,  material  was  carefully  removed  from  the  interior 
of  the  crater  (base  and  side  walls)  and  crushed  lightly 
in  a  few  drops  of  isopropanol.  The  slurry  was  then 
transferred  to  a  carbon  coated  copper  grid,  dried  and 
applied  with  a  light  carbon  coating.  In  the  second 
case,  the  crater  was  filled  with  a  thick  paste  of  graphite 
powder  in  a  two  component  epoxy.  After  hardening 
the  specimen  was  cut  to  a  disc  3  mm  in  diameter  and 
then  polished  down  to  0.05 //m  alumina  slurry  on  one 
side  and  dimpled  from  the  other  side  down  to  0.05  /nn 
alumina  slurry.  The  specimen  was  t.hen  ion  beam 
thinned  (gun  voltage  =  3  to  4  kV.  gun  current  =  0.2 
to  0.7 /(A.  specimen  current  3/iA)  and  applied  with 
a  light  carbon  coating.  An  ISI-DS  130  scanning 
electron  microscope  (SEM)  was  used  together  with  an 
EM  420  transmission  electron  microscope  (TEM) 
with  the  acceleration  voltage  of  l20kV.  Either  bright 
field  (BF)  or  dark  field  (DF)  images. were  obtained 
together  with  either  selected  area  electron  diffraction 
patterns  (SAED)  or  convergent  beam  electron  dif¬ 
fraction  patterns  (CBED). 

In  the  specimen  prepared  by  the  first  method,  most 
of  the  material  consisted  or  irregular  grains  of  graphite. 
In  this  specimen,  extremely  small  amounts  of  fine 
grained  loose  particles  could  be  observed.  A  DF  TEM 


Figure  I  (a)  ,  EM  DF  image  of  material  from  the  interior  of  the  crater,  (b)  SAEDP  from  the  loose  fine  g-ains  shown  in  (a). 
•  Now  with  the  New  Mexico  Institute  of  Mining  and  Technology,  Socorro,  NM  lirgOI.  USA, 
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Figure  .’(a)TEM  BK  imaii'-' "f ‘'nc  of  ihc  larger  panicles  shown  in  Fig.  la,  exhibiting  epitaxial  growth  of  lonsUaieitc  with  graphite.  (b)(.l 
pattern  from  particle  shown  in  Fig.  2a.  cxhihiung  I OU  and  1 0 1  lunsdaleiie  rclk..lii)ns. 


micrograph  showing  such  particles  is  presented  in 
Fig.  la.  These  particles  give  a  weak  SAED  ring 
pattern  as  shown  in  Fig.  lb.  One  dilTuse  ring  ai  ~  0.2 1 
to  0.22  nm  is  clearly  seen  indicating  that  the  particles 
could  be  lonsdaleitc  (the  high  pressure  carbon  poly¬ 
morph  with  hexagonal  structure).  The  reflections  from 
I  0  I  and  I  I  Oare  barely  visible  at  0.192  and  0.1 26  nm. 
respectively.  The  I  00  and  00  2  reflections  correspond 
to  d-spacing  values  of  0.219  and  0.206  nm.  respectively. 
Hence  the  faint  ring  diffraction  pattern  is  interpreted 
as  stemming  from  lonsdaleitc.  A  BF  TEM  micro¬ 
graph  of  one  such  particle  which  is  relatively  large  is 
presented  in  Fig.  2a  along  with  an  orientated  CBED 
pattern  ( Fig.  2b)  where  the  I  0  0  and  101  reflections  of 
lonsdaleitc  arc  clearly  visible.  On  the  BF  image 
(Fig.  2a)  differently  contrasted  parts  of  the  grain  parted 
by  planes  perpcndular  to  <100>  can  be  seen.  This 
feature  can  be  explained  as  an  epitaxial  growth  of 
<100)  lonsdaleitc  parallel  to  graphite  as  suggested  by 
Bundy  and  Kasper  [16].  They  found  that  fine  grained 
lonsdaleitc  was  often  ‘epitaxially  twinned'  with  graphite 
having  the  following  planar  symmetry;  lonsdaleitc 
(1 00)  II  graphite  (001).  Although  there  was  no 
three  dimensional  symmetry,  since  half  of  the  atoms 
in  the  basal  graphite  plane  must  be  displaced  to 
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Figure  J  SF.M  of  ion  hciim  Itiinncd  specimen  The  .irrows  indicate 
regions  of  IT.M  inscsiijiilions  of  itic  graphite  pLiic  ill.  gr.iphiie 
Dowder  inside  the  crater  |2).  and  the  crater  wall  1 1| 


fit  into  the  (100)  lonsdaleitc  structure,  there  v 
a  two  dimensional  lit.  Bundy  and  Kasper  also  fin, 
the  following  directional  symmetry:  lonsdak 
[00  Ijll  graphite  [201]  and  lonsdaleitc  (0  1  0]  11  grapl 
(0  1  0]  the  latter  of  which  could  fit  in  our  case  (cqi 
alent  to  overlapping  of  the  lonsdaleitc  I  00  reflex  w 
the  graphite  I  00  reflex).  Since  only  the  largest  crys 
possessed  such  ‘epitaxial  twins’  it  was  not  possibK 
find  any  graphite  reflections  on  the  ring  pattern 
Fig.  lb. 

A  scanning  electron  micrograph  of  the  ion  bi 
thinned  specimen  is  shown  in  Fig.  3.  The  crate 
clearly  visible.  Arrows  indicate  regions  which  v 
analyzed  by  TEM.  Both  BF  and  DF  TEM  imagin 
the  crater  wall  are  presented  in  Figs.  4a  and 
respectively.  The  micrographs  show  the  present 
almost  equidimensional  nanometre  size  grains  in 
wall.  The  corresponding  SAED  pattern  from 
region  shown  by  the  arrow  in  Fig.  4a  is  presente 
Fig.  4c.  This  pattern  is  very  characteristic  of  the 
material  and  is  interpreted  as  graphite.  The  pat 
indicates  almost  random  orientation  with  a  tend 
to  more  intense  diffraction  of  the  00  2  and 
reflections  in  the  direction  arrowed  on  the  BF  in 
This  more  intense  diffraction  of  a  part  of  the  I 
reflections  in  the  direction  perpendicular  to  the  c 
wall  shows  that  the  grains  have  a  tendency  of  <0  ( 
being  perpendicular  to  the  crater  wall.  A  scui 
electron  micrograph  of  the  same  region  of  the  vs 
presented  in  Fig.  5.  The  arrow  points  to  the  i. 
where  the  TEM  images  were  obtained  (Fig.  4) 
micrograph  shows  that  the  specimen  near  the  v 
wall  is  rather  thick  indicating  that  the  specimen 
the  hole  is  more  resistant  to  the  ion  beam  ihi 
compared  to  the  graphite  material  used  to  till  i 
crater  and  the  graphite  disc.  This  is  evident 
perusal  of  Fig.  4  where  the  width  of  the  el. 
transparent  area  of  the  crater  wail  is  only  I 
300 nm  as  compared  to  2  to  lO^im  m  undisi 
graphite  material.  A  DF  TEM  micrograph  of  ai 
part  of  the  crater  wall  is  shown  in  Fig  6j  The  i 
graph  shows  a  small  part  of  a  graphite  Hake  usev 
the  crater  (marked  g).  The  figure  clearly  shov 
almost  equidimensional  nm  size  particles  aloi 
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Size  matcridl  ij)  bK  anj  ibi  DK.  both 
imaging  the  ^amc  region  Ic)  corresponding 
SAIiD  palicrn  .himing  more  inienH*  dif* 
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directitin  .irr4>vvcd  tm  the  BK  image. 


wall.  The  SAED  pattern  Trom  the  fine  nanometre  size 
particles  is  presented  in  Fig.  6b  and  represents  only  the 
fine  particles  and  not  graphite  material  from  the 
graphite  used  to  fill  the  crater  or  the  graphite  material 


in  the  graphite  disc.  Fig.  6b  shows  a  complete  ring 
pattern  of  graphite,  but  more  intense  reflections  of  the 
basal  planes  in  the  direction  perpendicular  to  the 
crater  wall  show  that  the  line  grained  graphite  particles 
have  a  tendency  to  be  oriented  with  <000  I  >  perpen¬ 
dicular  to  the  crater  wall.  In  order  to  study  the  local 
orientation  effect,  a  CBED  pattern  was  also  made 
with  a  probe  size  of  40  nm  covering  several  nanometre 
si/e  grains  (Fig.  6c).  Again  this  is  a  complete  pattern 
of  graphite  with  a  tendency  of  <000  I  >  to  be  perpen¬ 
dicular  to  the  crater  wall. 

In  the  ion  beam  thinned  specimen,  no  lonsdaleitc 
grains  were  observed,  probably  because  they  were  lost 
before  fixing  with  the  epoxy  or  during  the  ion  beam 
thinning. 
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Figure  5  SEM  of  »  narrow  region  along  the  crater  wall  in  the  ion 
beam  thinned  specimen.  The  arrow  indicates  the  region  from  which 
the  TEM  micrographs  in  Fig.  4  were  obtained. 
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Figure  6  (al  TEM  of  crater  wall  in  the  ton  beam  thinnal  specimen  showing  a  little  of  the  grapliilc  inside  the  crater  tinarked  g|.  The  nanometre 
siie  partiees  in  the  crater  wall  are  clearl>  sisihle  (hi  SALU  and  (cl  CUED  pailerns  of  these  particles  showing  mure  intense  04/  rerieetions 
perpendicular  to  the  crater  wall 
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Separation  of  synthetic  diamond  from  carbon  black  by  oxidation 


(Received  21  December  I9S7:  accepted  in  revised  form  17  February  1988) 
Key  Words  •  Oxidation,  carbon  black,  diamond 


Tiaditionally,  synthetic  diamonds  have  been  produced  by 
subjecting  cariMn  to  high  pressures  and  temperatures 
under  which  diamond  is  the  thermodynamically  stable 
form  [1],  A  few  years  ago,  Kedoseev  et  al  |2,3|  reported 
a  radically  different  and  incredibly  simple  method  of 
diamond  synthesis.  The  technique  involved  exposing  a 
flowing  loose  powder  of  carbon  black  and  graphite,  in 
air,  to  a  modest  laser  flux  to  achieve  the  desired 
transformation.  We  have  recently  confirmed  and 
extended  (4,5)  the  findings  of  Fedoseev  et  al  as  a  part  of 
a  larger  program  to  produce  a  new  class  of  synthetic  hard 
materials.  Since  only  partial  conversion  to  diamond 
from  carbon  black  is  achieved  in  this  process,  it  was 
necessary  to  separate  diamond.  Enrichment  of  diamond 
by  selective  dissolution  of  the  low  density  carbon  forms 
in  nitric  acid  •  sulfuric  acid  solution  |6|  was  found  to  be 
unacceptably  slow  for  our  samples,  perhaps  because  of 
the  presence  of  significant  amount  of  carbon  black. 
Similarly,  the  gravity  separation  technique  using  a  liquid 
of  appropriate  density  (7|  led  to  ineffective  separation 
due  to  very  small  size  of  the  solid  panicles.  Due  to  these 
difficulties,  the  possibility  of  achieving  effective 
separatio'  by  selective  oxidation  of  laser  treated  solid 
mixture  in  twth  pure  oxygen  and  carbon  dioxide  was 
explored. 

The  rates  of  oxidation  of  industrial  grade 
diamond  and  carbon  black  powders,  both  containing  less 
than  0,2%  impurity,  were  studied  by  ihennogravimetry 
using  a  Cahn  microbalance.  The  oxidation  rates  of  high 
purity  graphite  powder  containing  less  than  2  ppm 
impurity  were  also  measured  for  comparison  The 
average  panicle  size  of  diamond,  graphite  and  carbon 
black  were  49  pm,  Ipm  and  0.043  pm  respectively. 
Since  the  kinetics  of  oxidation  of  various  carbon  forms 
in  carbon-dioxide  is  slow  ai  temperatures  below  IU73  K, 
all  experirnents  in  CO2  were  carried  out  at  1273  K. 
These  oxidation  rates  were  compared  with  the 
corresponding  rates  in  oxygen. 

The  results  of  the  experiments  are  presented  in 
Figure  1  as  percentages  of  the  initial  weight  lost  vs. 
reaction  time  plots.  The  reproducibility  of  the  rate  data 
was  tested  by  repeating  oxidation  tests  for  both  graphite 
and  diamond  in  oxygen.  The  times  required  for 
complete  oxidation  were  550  and  600  sec  for  the  two 
experiments  with  graphite,  and  870  and  960  sec  for  the 
experiments  with  diamond.  The  data  in  figure  I  indicate 
that  under  identical  conditions  all  forms  of  carbon  react  at 
a  higher  rate  in  oxygen  than  in  COy.  Funhermore,  it  is 
also  observed  that  diamond  reacts  at  a  faster  rale  as 
compared  to  graphite  or  carbon  black  in  carbon  dioxide. 
However,  in  oxygen,  both  graphite  and  carbon  black 
react  much  faster  than  diamond.  This  apparent  anomaly 
can  be  attributed,  at  least  in  part,  to  the  differences  in  the 
surface  areas  of  these  materials.  The  approximate 
surface  areas  of  all  the  three  carbon  forms  were 
calculated  as  a  function  of  the  extent  of  oxidation  on  the 
basis  of  the  shrinking  core  reaction  model  |8|.  The 
reduction  in  the  size  of  particles  during  oxidation  was 
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Fig.  1  Percent  conversion  vs  reaction  time.  Reaction 
Temperature:  1 273  K,  Gas  Flow  Rate:  16.7  cc/ssc, 
and  Initial  Sample  Weight:  105  mg. 


calculated  utilizing  the  following  equation: 

r-r,fI-F)''^  (I) 

where  r  and  To  are  the  instantaneous  and  the  initial  radius 
of  the  panicles  and  F  is  the  extent  of  reaction  defined  as 
the  ratio  of  the  weight  loss  at  a  given  time  ’o  the  initial 
sample  weight.  The  instantaneous  oxidation  rates, 
expressed  in  grams  per  second,  were  determined  from 
the  slope  of  the  plots  in  fiwre  1  and  the  corresponding 
initial  sample  weights.  The  reaction  rates  per  unit 
surface  area,  in  gms/cm^  sec,  were  then  readily  obtained 
from  the  surface  area  computed  from  the  following 
relation: 

s  ■  3W„r^/ro  (2) 

where  Wo  and  p  are  the  initial  sample  weight  and  the 
density  of  the  carbon  respectively.  Since  rigorous 
interpretation  of  the  rate  data  is  not  attempted  in  this 
paper,  the  approximate  nature  of  the  surface  area 
calculated  from  equation  (2)  is  thought  to  be  adequate. 
The  calculated  rates  per  unit  area  are  presented  in  Figure 
2  as  In(rate)  vs  conversion  plots.  The  data  indicate  that 
in  both  oxygen  and  carbon  dioxide  the  oxidation  rate  per 
unit  surface  are  a  decreases  in  the  following  order; 
diamond,  graphite,  and  carbon  black.  Of  the  three 
carbon  forms,  diamond  has  the  highest  packing  density, 
followed  by  graphite  and  carbon  black  in  decreasing 
order  of  density.  Thus,  it  appears  that,  at  1273  K,  the 
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Fig.  2  Reaction  rate  per  unit  area  vs  percent  conversion. 
Reaction  Temperature:  1273  K,  Gas  Flow  Rate;  16.7 
cc/sec,  and  Initial  Sample  Weight:  103  mg. 


higher  the  packing  density  of  carbon,  the  higher  the 
gasification  rate  in  both  oxygen  and  carbon  dioxide. 
Although  the  graphite  used  in  these  experiments  was  of 
very  high  purity  (less  than  2  ppm  impuniy).  the  diamond 

rowder  used  in  the  experiments  had  some  impurities. 

emi'quarititaiive.  spectrographic  analysis  of  the 
diamond  powder,  performed  at  Penn  State,  indicated  the 
presence  of  300  ppm  of  iron,  3(X)  ppm  of  cobalt  and  80 

fipm  of  nickel.  These  group  VIII  elements  are  known  to 
ower  the  temperature  of  inception  of  the  gasification 
reaction  and  catalyze  both  the  C-COz  and  C-Oj 
reactions.  The  high  specific  reaction  rate  of  diamond  is 
contributed,  at  least  in  part,  by  the  presence  of  these 
impurities. 


At  Penn  State,  carbon  black  was  used  as  the 
starting  material  for  the  laser  assisted  synthesis  of 
diamond.  Data  in  figure  2  indicate  that  if  the  surface 
areas  of  carbon  black  and  diamond  were  roughly  equal,  a 
separation  technique  based  on  selective  oxidation  of 
carbon  black  at  1273  K  would  be  unsuccessful.  Review 
of  the  literature  indicates  that  at  temperatures  below  970 
K.  kinetics  of  reaction  of  diamond  with  oxygen  is  very 
slow  |9|.  The  results  of  oxidation  tests  with  toth  carbon 
black  and  diamond  powders  in  air  at  773  K  are  presented 
in  figure  3.  The  data  indicate  that  carbon  black  was 
gasified  completely  in  about  four  and  half  hours. 
However,  in  this  time  period,  no  measurable  oxidation 
of  diamond  was  observed.  Thus,  it  appears  that  carbon 
black  can  be  selectively  pxidized  in  air  at  773  K  from  its 
mixture  with  diamond.  Figure  3  also  shows  the 
oxidation  curve  of  a  laser  treated  carbon  black  sample. 
The  sample  contained  diamond,  chaoite,  graphite  and 
carbon  black.  There  is  no  simple  way  to  determine,  in  a 
quantitative  manner,  the  concentrations  of  various  carbon 
forms  in  the  laser  treated  material  {4).  For  this  sample, 
the  oxidation  curve  reached  a  plateau  after  80% 
conversion.  No  significant  loss  in  the  weight  of  the 
sample  was  observed  after  this  period  even  after 
prolonged  exposure.  After  oxidation,  the  sum  total  of 
the  weights  of  diamond,  chaoite  and  graphite  together 
with  a  small  amount  of  unreacted  carbon  black  was 
roughly  equal  to  about  20%  of  the  weight  of  the  laser 
processed  sample  pr.or  to  oxidation. 

Although  the  data  presented  in  this  short  paper 
indicate  that  carbon  black  can  be  selectively  oxidized  in 
air  at  773K  from  its  mixture  with  diamond,  an  enormous 
range  of  imponant  questions  remain  unanswered.  What 
is  the  effect  of  temperature  on  the  reactivity  of  diamond? 
What  is  the  role  of  the  type  of  reactant  gas  on  the 
separation  of  the  various  carbon  forms?  Can  the 
selective  reaction  process  be  expedited  while  retaining  its 
efficiency?  The  current  work  at  Penn  State  is  aimed  at 
addressing  some  of  these  questions. 
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Fig.  3  Percent  weight  loss  vs  time  plots  for  oxidation  in  air  at  773  K.  Gas  Flow  Rate: 
13.3  cc/sec,  and  Initial  Sample  Weight:  103  mg. 
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High-pressure  phases  of  CaCO.  oamely  aragonite,  cal- 
cite  II,  and  possibly  calcite  III,  were  synthesiied  in  air  by 
exposing  10-  to  20-Mni-sixe  particies  of  CaCO]  (calcite  I 
phase)  to  a  COi  laser  radiation  at  short  pulse  lengths 
(SO.I  ms).  The  process,  therefore,  has  the  same  effect  as  ex¬ 
posing  the  particles  to  at  least  several  hundred  megapascals 
pressure.  Processing  at  higher  pulse  lengths  resulted  in  the 
decomposition  of  CaCOj  to  CaO  and  CO].  The  extent  of  de¬ 
composition  increased  with  increasing  pulse  length.  (Key 
words:  calcite,  phase  transformations,  processing,  lasers, 
decomposition.] 

I.  Introduction 


ally  achieved  in  the  lassr  process.  This  is  possible  since  two 
very  different  reactions  are  possible  with  calcite.  These  are 
the  solid-solid  calcite  I  to  aragonite  phase  transformation 
and  the  thermal  decomposition  of  CaCO)  (caicite  I)  to  CaO 
and  CO].  Both  reactions  are  functions  of  pressure  and  tem¬ 
perature.  The p-T  equilibria  for  the  two  reactions*  are  shown 
in  Figs.  1(A)  and  (B),  although  in  the  latter  case  it  is  CO. 
pressure. 

If  the  typical  pulsed  laser  exposures  generate  the  high-pres¬ 
sure  solid  phase,  that  would  indicate  the  p-T  conditions 
shown  in  Fig.  1(A).  On  the  other  fiand,  if  the  exposures  gen¬ 
erate  the  thermal  decomposition  products  (CaO  +  CO]),  that 
would  indicate  the  p-T  conditions  shown  in  Fig.  1(B). 


The  calcite-aragonite  relationship  is  one  of  the  most  inter¬ 
esting  phase  transitions  from  the  geochemist's  viewpoint. 
Although  the  equilibrium  phase  relations  are  now  generally 
accepted  with  calcite  I  as  the  stable  phase  near  earth-surface 
ambients  and  aragonite  stable*  only  above  about  3.5  x  10*  Pa 
(3.5  kbar)  at  25°C,  the  early  and  common  formation  of  arago¬ 
nite  in  huge  amounts  in  many  marine  CaCO)  rocks,  and  also 
in  many  laboratory  experiments,  has  demanded  an  explana¬ 
tion.  The  first  of  these  explanations  relied  on  the  solid  solu¬ 
tion  of  Sr^*  or  Pb^*  to  stabilize  the  aragonite  structure. 
Although  this  was  both  very  oiausible  and  supported  by  the 
presence  of  small  amounts  of  Sr^*  in  the  samples  examined 
quantitatively,  this  explanation  could  not  work.*  Laboratory 
experimenu  now  point  to  metastable  crystallization  of  arago¬ 
nite,  possibly  epitaxially  on  a  preformed  hydrated  MgCO) 
phase.*  The  caicite  to  aragonite  transition  has  also  been 
shown  by  Bums  and  Bredig*  and  Dachille  and  Roy*  to  occur 
in  the  process  of  grinding  CaCO).  In  this  study  we  report  a 
new  method  to  accomplish  the  same  end. 

In  1982  and  1985,  Fedoseeveref.  reported*'*  some  most  extra¬ 
ordinary  findings.  They  claimed  that  dropping  a  stream  of 
fine  powder  through  a  laser  beam  of  mod^  flux  intensity 
would  convert  graphite  to  diamond  and  quartz  to  coesite  and 
stishovite.  This  extraordinary  result  was  not  widely  believed 
by  the  scientific  community.  In  1988  we  reported  confirma¬ 
tion  and  extension  of  the  Rdoseev  and  Derjaguin  results,*'* 
showing  indeed  both  that  diamond  could  be  so  formed  and 
that  possibly  even  more  dense  polymorphs  of  SiOj,  with  a- 
PbO]  and  R]N  structures  could  be  made  by  pulsed  laser 
fluxes  impinging  on  SiOj  powden. 

The  simpl^  explanation  for  this  effect  is  that  these  fine 
powders  absorb  the  10.6-Mtn  radiation  so  fast  that  both  tem¬ 
perature  IT)  and  pressure  (p)  are  raised  very  rapidly*-*  and 
transition  occurs  in  the  stable  p-T  regime.  Wha'  is  not  easy  to 
get  is  any  indication  of  the  actual  temperatures  and,  hence, 
pressures,  involved.  We  selected  the  calcite-aragonite  transi¬ 
tion  to  provide  some  indications  on  the  p-T  conditions  actu- 
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il.  Experimental  Procedure 

A  schematic  diagram  of  the  experimental  setup  is  shown  in 
Fig.  2.  The  setup  consisted  of  a  CO]  laser*  and  electrically 


'Everlaae  model  S2S.  Coherent  General,  Sturbridge,  MA. 
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Fig.  1. 
system. 
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p-T  equilibria  for  (A)  CaCOj  system  and  (B)  CaO-CO] 


Fife  2.  Schematic  of  the  experimental  setup. 
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Tabic  I.  ExpcrimenUl  Conditions  for  Processing* 


Sample  No. 

Pulse  length  (ms) 

Energy/pulse  (J) 

Transtormation 

A 

0.01 

0.01 

Yes 

B 

0.05 

0.02 

Yes 

C 

0.10 

0.04 

Yes 

D 

100 

0.50 

No 

'Miienal:  CaCOi  (calcite  I):  panicle  me;  10  o  20  moi:  puiiiy:  >44. 7%, 
atmosphere:  air:  laser:  pulsed  COi:  frequency:  50  Hz:  number  of  passes:  10: 
feed  rate:  10  mg/s:  and  spot  size:  0.025  cm. 


powered  vibrating  feeder.  The  particles  were  allowed  to  fall 
freely  and  were  treated  with  a  horizontally  transmitted  laser 
beam.  The  laser-processed  particles  were  collected  in  a  glass 
beaker.  The  type  of  material  used  and  the  specific  conditions 
of  the  experiments  are  presented  in  Table  I.  After  laser  pro¬ 
cessing,  the  materia!  was  charac'erized  by  XRD  and  SEM. 

III.  Results  and  Discussion 

Powder  XRD  patterns  of  unprocessed  and  laser-processed 
samples  are  shown  in  Fig.  3.  The  corresponding  interplanar 
spacing  values  calculated  from  the  patterns  in  Fig.  3  are  pre¬ 
sented  in  Table  II.  The  data  in  Fig.  3  and  Table  II  indicate 
that  when  calcite  I  particles  are  irradiated  with  pulses  of 
O.I  ms  and  less  (high  heating  and  cooling  rates),  they  trans¬ 
form  to  high-pressure  polymorphs  aragonite,  calcite  II,  and 
possibly  calcite  III.  At  greater  pulse  length,  where  more  en¬ 
ergy  is  deposited  in  the  material  and  the  heating  and  cooling 
rates  are  relatively  low,  calcite  I  particles  thermally  decom¬ 
pose  to  CaO  and  CO2,  instead  of  transforming  to  high- 
pressure  polymorphs.  - 


as  so  ss  40  4s  so 
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Fig.  3.  XRO  patterns  of  unprocessed  (UP) 
and  laser-processed  calcite  I  samples.  Details 
of  the  exMrimenlal  conditions  are  presented 
in  Table  1. 


A  comparison  of  the  X-ray  data  for  laser-treated  sample  A 
with  the  data  for  the  starting  material  indicates  many  new 
peaks  in  the  processed  sample.  Ten  peaks  in  this  sample  can 
be  attributed  to  aragonite.  Of  these,  four  belong  exclusively 
to  aragonite  and  include  the  first,  second,  and  fourth  highest 
intensity  peaks  of  aragonite.  Three  more  peaks  are  not  com¬ 
mon  to  calcite  I  but  are  common  either  to  CaO  or  to  other 
high-pressure  CaCOs  phases.  Furthermore,  seven  peaks  in 
this  sample  can  be  attributed  to  the  calcite  II  phase.  One 
of  the  peaks  belongs  exclusively  to  calcite  II  and  is  the 
100-intensity  peak  of  calcite  II.  Three  other  peaks  are  not 
common  to  calcite  I  but  belong  either  to  CaO  or  to  other  high- 
pressure  CaCOj  phases  indicated  in  Table  II.  Also  in  this 
sample,  seven  peaks  can  be  attributed  to  the  calcite  III  phase. 
Of  these,  two  low-intensity  peaks  at  2.65  x  10~'  and  2.53  x 
10*'  nm  (2.65  and  2.53  A)  belong  exclusively  to  calcite  III. 
Of  the  remainder,  three  are  common  to  calcite  1  and  two  oth¬ 
ers  are  common  to  other  high-pressure  phases.  Of  the  two  100 
intensity  peaks  cf  calcite  III,  one  at  3.06  x  10''  nm  (3.06  A) 
is  present,  but  is  common  to  calcite.  Therefore,  the  analysis  of 
X-ray  data  suggests  that  both  aragonite  and  calcite  II  phases 
are  present.  Calcite  III  may  also  be  present,  although  the  evi¬ 
dence  for  this  phase  is  not  conclusive:  Examination  of  the 
X-ray  data  for  sample  B,  where  the  pulse  length  and  the 
energy  deposition  were  increased,  indicates  that  even  at 
0.05-ms  pulse  length,  the  presence  of  aragonite  and  calcite  II 
can  be  confirmed. 

When  the  pulse  length  is  increased  to  0.1  ms,  the  decompo¬ 
sition  of  CaCOs  begins  alongside  the  formation  of  aragonite. 
This  can  be  observed  from  the  X-ray  data  for  sample  C, 
which  shows  four  new  peaks.  Of  these,  the  peak  at  2.40  x 
10'*  nm  (2.40  A)  can  be  attributed  to  the  100-intensity  peak  of 
CaO.  The  peak  at  1.83  x  10''  nm  (1.83  A)  can  be  attributed 
to  vaterite,  still  another  CaCO)  phase.  The  two  other  new 
peaks  at  3.36  x  10*'  and  2.32  x  10''  nm  (3.36  and  2.32  A) 
can  be  attributed  to  100-  and  30-intensity  peaks  of  aragonite. 
Thus,  aragonite  is  present  in  this  sample  together  with 
calcite  I  and  its  decomposition  product  CaO. 

In  sample  O,  the  pulse  length  and  energy  deposited  is  sig¬ 
nificantly  increased  compared  with  all  the  previous  samples 
(A,  B,  and  C).  Because  of  “slow”  heating  and  cooling  rates, 
the  laser  treatment  does  not  result  in  the  generation  of  high- 
pressure  phases  in  quantities  significant  enough  to  be  de¬ 
tected  by  XRD.  Instead,  calcite  I  decomposes  to  CaO.  The 
X-ray  data  shows  two  new  peaks  at  2.78  x  10''  and 
2.41  X  10''  nm  (2.78  and  2.41  A),  both  of  which  can  be  at¬ 
tributed  to  prominent  peaks  of  CaO.  Furthermore,  unlike  all 
other  samples,  the  100-intensity  peak  of  aragonite  is  absent  in 
this  sample.  Thus  at  2-ms  pulx  length,  high-pressure  phases 
cannot  be  detected,  and  the  p-T  trajectory  of  the  sample  has 
placed  it  completely  in  the  CaO-COz  stability  region.  At 
shorter  pulse  lengths  where  then*  has  been  phase  transforma¬ 
tion  to  aragonite  and  calcite  II,  the  p-T  conditions  actually 
achieved  are  those  presented  in  Fig.  1(A). 

The  morphology  of  untreated  and  laser-treated  CaCOj  par¬ 
ticles  is  shown  in  Fig.  4.  It  appears  that  calcite  I  particles  did 
not  undergo  significant  morphological  changes  because  of 
Imt  irradiation,  and  that  the  reaction  is  a  direct  solid-state 
transformation. 

The  spectrographic  analysis  of  the  starting  material  and 
laser-processed  sample  indicates  that  no  foreign  material  was 
introduced  during  the  experiments. 


IV.  CoBcluaioBS 

This  study  shows  that  irradiation  of  10-  to  20-/zm-size  par¬ 
ticles  of  CaCO)  (calcite  I)  by  a  pulsed  CO]  laser  beam  results 
in  two  competing  processes,  phase  transformation  and  ther¬ 
mal  decomposition.  At  pulse  lengths  lower  than  0  1  ms, 
calcite  I  particles  undergo  transformation  to  high-pressure 
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Tablt  II.  Powdtr  XRD  Patterns  of  Unprocesswl  and  lLas«r-Pro<e»e<l  Calcite  I  Samples 


d  sptcinfs  { X 10''  nm  *  A 

)) 

Pertaining  to  the  CaCO,  phase 
■'torn  Powder  Dilfractiun  Ftle*) 

Unprocessed 

sempie 

Sample 

A 

U 

c 

D 

3.36 

3.36 

3.36 

Aragonite  (3.3%/100) 

3.03 

3.1)6 

3.07 

3.05 

3.04 

Calcite  1  (3.035/;.00).  calcite  III  (3.02/100) 

2.98 

2.91 

199 

Calcite  III  (2.998/100) 

7 

2.84 

2.84 

184 

184 

184 

Calcite  I  (2.845/3) 

2.79 

178 

178 

Calcite  11  (2.793/3),  CaO  (2.778/34) 

2.70 

170 

Aragonite  (2.70/46) 

2.65 

164 

Calcite  III  (2.65/6) 

2.62 

CaO.  (2.63/80) 

2.52 

2J3 

Calcite  HI  (2.53/10) 

2.49 

2.49 

149 

2.50 

150 

Calcite  1  (2.495/14),  aragonite  (2.481/33), 

calcite  II  (2.47/15) 

2.40 

140 

140 

141 

Aragonite  (2.409/14),  CaO  (2.405/100) 

2.37 

2.Jo 

Aragonite  (2.372/38),  calcite  III  (2.37/16) 

2.34 

2.32 

2.32 

Aragonite  (2.341/31),  vaterite  (2.318/5) 

2.28 

2.28 

2.29 

2.29 

129 

Calcite  I  (2.285/31),  calcite  I!  (2.264/20), 

calcite  III  (2.28/10),  vaterite  (2.282/2) 

2.19 

Aragonite  (2.188/11) 

113 

Calcite  II  (2.113/2),  vaterite  (2.113/20) 

2.09 

2.10 

110 

110 

110 

Calcite  1  (1095/l8),  aragonite  (2.106/23) 

2.06 

2.04 

Calcite  II  (2.064/20),  edeite  III  (2.08/6), 

1.97 

1.97 

vaterite  (2.063/60) 

Aragonite  (\.9n/bS) 

1.96 

Calcite  11  (1.954/5),  CaO.  (1.95/30) 

1.92 

1.94 

1.94 

1.93 

1.93 

Calcite  I  (1.927/5) 

1.91 

1.92 

1.92 

1.91 

1.91 

Calcite  1  (1.913/17) 

1.88 

1.88 

1.88 

1.88 

1.88 

Calcite  I  (1.875/17),  aragonite  (1.877/25), 

calcite  II  (1.886/20),  calcite  III  (1.88/2) 

1.85 

1.86 

Vaterite  (1.854/30),  calcite  11  (1.869/20) 

1.84 

1.83 

Vaterite  (1.82/70) 

'Joiat  Comoitiee  oo  Powder  Diffraction  Standards,  International  Center  for  Diffraction  Data.  Swarthmotc,  PA. 


FI*.  4.  SEM  photographs  of  (A)  unprocessed  and  (B)  laser-processed  sample  B. 


polymorphs  aragonite  and  calcite  II  and  possibly  calcite  III. 
At  greater  pulse  lengths,  calcite  I  particles  decompose  to  CaO 
and  CO).  The  extent  of  the  decomposition  increases  with  in¬ 
creasing  pulse  length.  The  nu^hology  and  size  of  calcite  I 
particles  do  not  change  significantly  because  of  the  laser 
treatment. 
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Abstract 

Boron  suboxide  compounds  are  of  interest  because  Of  their  low  densities  coupled  with  high 
hardness.  In  the  present  study,  we  have  attempted  to  determine  the  nai.ure  of  the  B.O  phases  that 
occur  in  the  field  defined  by  pressures  of  zero  fo  1.5  GPa,  temperature  between  1200  and  1700°C.  and 
the  compositional  range  Vi  s  x  s  24.  Amorphous  boron  powder  and  boric  auid  BjOj  were  the  starting 
reactants  for  all  the  run;  The  processing  of  the  specirriens  was  carried  out  in  a  controlled  atmosphere 
furnace,  a  hot  pressing  assembly  and  in  a  piston-cylinder  high  pressure  apparatus  within  quasi¬ 
hydrostatic  and  inductively  Iteated  cell  assemblies.  After  processing  at  elevated  tem.perature  and 
pressure,  for  compositions  over  the  range  V*  s  <  £  6,  B2O3  (identical  to  the  hexagonal  stani.ny  material) 
and  BgO  (R3m)  were  the  dominant  phases  present.  For  the  compositions  6  £  x  £  24.  BgO  and 
rhombohedral  B  were  the  primary  phases  identified.  In  general,  the  hardness  of  the  processed 
composites  was  dominated  by  the  occurrence  of  BjO  (approximately  equivalent  to  B4C).  Howf^:ver. 
theio  is  some  suggestion  of  particularly  high  values  of  hardness  on  a  very  localized  M.'^le  in  specimens 
near  the  BjjO  composition. 
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Boron  compounds  are  characterised  by  unique  bonding  and  crystal  structure  properties  that 
give  rise  to  a  variety  of  interesting  and  useful  materials.’  Their  strong  and  short  covalent  bonding 
provides  the  basis  for  a  wide  range  of  distinctive  refractory,  thermoelectric,  and  optical  properties. 

Boron  suboxides,  in  panicular,  have  been  of  interest  for  a  number  of  years  because  of  their  low  densities 
coupled  with  exceptional  hardness  properties.’ 

Previous  work  on  boron  suboxide  (B,0  with  1  5  x  :s  «)  compounds  generally  has  focused  on  the 
specific  stoichiometries  BjO^,  B^O.  and  B^O.  In  the  case  of  Bp^,  Dachille  and  Ro/  demonstrated  the 
occurrence  of  a  crystalline  high  pressure  phase  above  about  2.2  GPa  at  400 *C.  Nine  XRO  lines  were 
identified  distinctly  different  from  those  of  the  low  pressure  hexagonal  B^O^  Initial  phase,  but  the  data 
were  insufficient  to  define  the  crystal  structure  of  the  high  pressure  material  or  any  characteristic 
physical  properties.  Stoichiometric  high  pressure-temperature  phases  of  BjO  have  been  prepared  and 
described  by  Mall  and  Compton*  and  Endo  et  al.^  In  the  former  study,  a  graphite^ike  BjO  compound 
was  synthesized  by  the  reduction  of  Bp,  with  B  or  U  and  by  the  oxidation  of  B  with  KCIOj.  The 
preparation  was  carried  out  within  the  pressure  and  temperature  ranges  of  5.0  to  7.5  GPa  and  1200  to 
1800*C.  The  B3O  synthesis  of  Endo  et  al.  was  carried  out  by  reacting  BP  with  oxygen  derived  from  the 
thermal  decomposition  of  CrO,  to  CrOj  at  pressures  of  3.5  to  5.5  GPa  in  the  temperature  range  1000  to 
1200*C.  The  recovered  BjO  high  pressure  phase  appeared  to  have  a  diamond-like  structure  and  was 
characterized  by  a  Vickers  microhardness  (100  gm  load)  of  40.5  GPa. 

Stoichiometric  B,0  with  a  hexagonal  structure  was  synthesized  by  Rizzo  et  al.‘  by  reaction  hot- 
pressing  BjO]  and  B  at  1300-1400*0.  The  polycrystalline  aggregates  produced  had  Vickers  hardness 
(100  gm  load)  values  up  to  37.4  GPa.  Later  work'  demonstrated  that  BgO  could  be  synthesized  at 
ambient  temperature  under  a  pressure  of  1 1.0  GPa,  or  at  6.0  GPa  and  lOOO'C.  In  an  extensive  study  of 
BgO,  produced  by  reaction  hot-pressing  BjO}  and  B  at  1900-2000^0,  Petrak  et  al.’  assigned  it  to  space 
group  R^m  (formula  B^jO^)  and  calculated  a  density  of  2.602  gm/cm’.  Later  work”  by  the  same  group 
revealed  B^O  aggregate  Knoop  microhardness  values  similar  to  B4C  and  even  higher.  Petrak  et  al.’  also 
studied  the  phases  present  in  hot-pressed  specimens  of  B,0  over  the  compositional  ranqe  5  :s  x  £  8.  In 
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all  runs  the  dominant  phase  was  rhomobohedral  BjO.  with  secondary  BjOj  for  x  =  5  and  B  for  x=7  and 

8. 

In  a  study  by  Badzian,  carried  out  in  Poland  in  cooperation  with  this  laboratory,  B-0  specimens 
very  rich  in  B  were  made  and  noted  as  being  very  hard.  In  1987  Badzian  et  al.^  reported  diamond-like 
hardness,  as  demonstrated  by  contact  scratch  and  wear  experiments.  Chemical  analysis  of  Badzian's 
specimen  by  SIMS  and  AES  indicated  an  oxygen  level  of  4-5%,  suggesting  a  stoichiometry  near  B22O. 
Considering  the  favorable  crystal  chemical  characteristics,  and  the  promising  structure  and  mechanical 
property  results  from  the  foregoing  studies,  it  is  surprising  that  so  little  is  known  about  the  phase 
relations  of  B,0  compounds  in  general.  In  particular,  there  has  been  no  systematic  effort  to  define  and 
characterize  the  phases  present  in  the  ambient  to  moderate  P,  T  field  over  an  extended  ange  of 
composition  X.  For  this  reason,  the  present  study  was  conducted  to  determine  the  nat:  re  of  the  B.O 
phases  that  occur  within  the  field  defined  by  0  to  1.5  GPa,  1200  to  1700‘’C,  and  %  x  s  24. 

Experimental  Procedure 

The  starting  materials  for  ail  of  the  processed  specimens  consisted  of  amorphous  boron  powder 
(CERAC,  Inc.;  99.9t%  purity;  0.3  nm  average  particle  size)'  and  boric  acid  BjOj  (CERAC,  Inc.;  99.9  +  % 
purity;  7S^m  average  particle  size).  These  components  were  mixed  in  the  appropriate  mass  ratios  in  a 
paint  shaker  with  plastic  spheres  for  two  hours. 

Three  different  preparation  methods  were  used: 

(a)  Sintering  in  aroon  atmosphere.  Sintering  In  an  argon  atmosphere  was  carried  out  in  a 
tubular  furnace  with  a  hot  zone  25  cm  long  at  1700*C.  Boron  suboxide  green  compacts  were  placed  at 
the  center  of  the  hot  zone  of  the  furnace.  The  specimens  were  exposed  to  flowing  argon  gas  until  the 
sintering  cycle  was  complete.  The  heating  rate  of  the  furnace  was  kept  at  5*C/min  until  the  required 
sintering  temperature  (1500*C  or  1700*C)  was  reached,  at  which  point  the  specimens  were  processed 
for  six  hours  and  then  cooled  at  a  rate  of  lO*C/min  to  room  temperature. 

fb)  Uniaxial  hot  pressing.  Several  samples  were  prepared  by  reaction  hot  pressing  at  1700*C 
and  0.020  GPa  in  a  laboratory  hot  press  (Advanced  Vacuum  Systems)"  using  a  graphite  die  with 
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graphite  rams.  The  hot  pressing  temperature  was  measured  using  an  optical  pyrometer.  An 
intermediate  boron  nitride  layer  was  provided  between  the  graphite  rams  and  the  sample.  Pressure  was 
applied  to  the  graphite  rams  after  the  assembly  reached  1000*C.  Prior  to  starting  the  run  a  vacuum  was 
created  in  the  system. 

(c)  Hiah-oressure  processing.  An  additional  sat  of  specimens  was  prepared  by  processing 
sintered  pellets  of  the  desired  B.O  stoichiometry  at  high  pressure  and  temperature  in  a  piston-cylinder 
apparatus.’®  The  mixed  starting  materials  were  initially  compacted  at  0.014  GPa  in  a  cylindrical  steel  die 
at  ambient  temperature,  yielding  aggregate  pellet  specimens  12  mm  in  diameter  and  6  mm  high.  This 
step  was  followed  by  sintering  at  a  temperature  of  1500  to  1700“C  for  several  hours  in  a  flowing  Argon 
atmosphere.  The  phases  present  in  the  pre-processed  sintered  pellets  were  identified  by  surface 
scattered  XRD  data. 

The  piston-cylinder  apparatus  and  specific  high-pressure  cell  used  in  our  experiments  (with  slight 
modifications)  was  developed  and  described  previously  by  Baker  and  Eggler.”  The  cylindrical  high- 
pressure  cells  consisted  of  outer  talc  and  pyrophyllita  sleeves  separated  from  the  B,0  pellet  specimens 
by  an  inner  pyrex  liner  to  inhibit  reaction  from  fluids  derived  from  dehydration  at  high  temperature. 
Heating  was  achieved  by  a  graphite  furnace  sleeve  inserted  directly  inside  the  pyrex  liner.  The  specimen 
was  isolated  from  the  heater  assembly  by  BN  powder  and  crushable  alumina  spacer  material.  The 
temperature  of  the  specimen  was  monitored  by  a  Type  S  Pt-Pt^Rh^o  thermocouple  inserted  through  the 
steel  base-plate  of  the  high-pressure  cell  into  the  alumina  directly  adjacent  to  the  B.O  pellet. 

The  processing  procedure  was  developed  in  such  a  manner  as  to  minimize  fracture  and 
fragmentation  in  the  final  prepared  specimen.  Unfortunately,  because  of  this  constraint,  a  rapid  quench 
was  not  possible.  The  following  method  seemed  to  provide  the  most  favorable  specimens.  (1)  Pressure 
and  temperature  were  simultaneously  increased  linearly  until  the  desired  conditions  were  reached.  This 
step  was  accomplished  in  about  five  minutes.  (2)  Pressure  and  temperature  were  maintained  at  a 
constant  level  for  the  period  of  time  selected  for  the  run  (generally  30  to  120  minutes).  (3)  Finally, 
pressure  was  dropped  at  a  constant  temperature  until  contact  with  the  furnace  was  broken,  whereupon 
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both  P  and  T  were  dropped  simultaneously.  This  last  step  generally  provided  coherent  specimens,  but 
at  the  possible  expense  of  retaining  metastable  high  pressure  phases. 

After  removal  from  the  piston-cylinder  apparatus  and  high-pressure  cell,  the  processed 
specimens  consisted  of  irregular  disks  about  10  mm  in  diameter  and  5  mm  in  thickness.  They  were 
usually  characterized  by  a  thin  greyish-black  skin  (possible  BN  contamination)  and  a  mottled  brown-red 
interior.  Some  minor  (radial  and  longitudinal)  crack.s  were  often  present. 

Analysis  of  the  Processed  Specimen  Products:  Phases  Present 

The  phases  present  in  the  processed  spicimens  were  identified  by  surface  scattered  and 
powder  XRO  measurements.  Diffraction  angles  and  line  intensities  were  compared  to  all  boron 
compounds  in  the  compositional  area  listings  in  the  ASTM  files.  The  summary  results  for  the 
compositional  range  and  pressure-temperature  conditions  chosen  for  processing  are  shown  in  Table  1 . 
As  indicated  in  the  table,  only  three  phases  were  consistently  recognized  over  the  pressure  (zero  to  1 .0 
GPa),  temperature  (ambient  to  1700*C),  and  compositional  {V»sx<  24)  range  of  our  experiments: 

(1)  BjOj  (the  hexagonal  low  pressure  phase  identical  to  the  starting  material);  (2)  B^O  (as  recognized 
and  defined  by  previous  investigators'^'  '‘■“);  and  (3)  rhombohedraJ  B.  For  the  compositions  %  s  x  s  6, 
BjO]  and  B,0  are  the  dominant  phases  present,  their  relative  proportions  defined  by  the  mixture 
stoichiometry.  Over  the  range  6  ^  x  ^  24,  BgO  and  rhombohedral  B  are  the  prevailing  materials,  with  the 
latter  dominating  as  x  approaches  higher  values.  These  same  relationships  defined  the  ambient 
pressure  (1700*0)  runs,  as  well  as  those  carried  out  at  1.0  GPa  (1350*0)  and  above. 

Preliminary  Property  Measurements 

As  part  of  our  standard  processed  specimen  analysis  procedure,  bulk  density  wis  measured  by 
the  Archimedes  method,  as  well  as  porosity.  The  densities  were  variable,  but  generally  reflected  the 
nature  of  the  mixture  and  extent  of  porosity.  For  example,  in  the  case  of  the  BjjO  specimens,  pg  varied 
between  2.20  and  2.46  gm/cm\  but  was  usually  close  to  the  latter.  This  range  is  consistent  with  the 
XRD  results,  which  indicate  a  mixture  of  BgO  (pb=2.60  gm/cm^)  and  rhombohedral  B  (pb=2.29 
gm/cm^),  plus  some  porosity.  Specifically,  for  an  ideal  (zero  porosity)  mixture  of  BgO  and  B  of  BjjO 


stoichiometry,  pb=2.52  gm/cm^.  Porosities  of  one  to  four  percent  (typical  of  our  specimens)  would, 
therefore,  yield  bulk  densities  in  the  range  2.42  to  2.50  gm/cm^.  The  presence  of  unreacted  BjOj  in  the 
specimens  also  would  tend  to  produce  somewhat  lower  bulk  density  than  expected. 

Our  original  intent  was  to  also  describe  the  elastic  and  hardness  properties  of  the  processed 
B,0  specimens.  Unfortunately,  the  inhomogeneous  nature  of  our  processed  specimens,  and  the 
frequent  occurrence  of  structure  microcracks,  precluded  a  definitive  measurement  of  the  elastic  moduli 
by  the  ultrasonic  technique  at  our  disposal.  Moreover,  the  same  specimen  problems  made  it  difficult  to 
obtain  systematic  and  consistent  hardness  values.  Interest  in  the  hardness  of  these  materials  was  very 
high  due  to  the  observation  by  Badzian  of  scratches  in  the  [100]  face  of  natural  diamond  by  a  melted 
specimen  near  the  Bj^O  composition.  Attempts  to  repeat  the  scratching  experiments  with  our  high- 
pressure  processed  specimens  gave  inconsistent  results.  Occasiorvaily  similar  scratches  seemed  to  be 
present  on  the  diamond  face  (Fig.  1).  A  second  more  consistent  observation  was  that  grinding  the 
surface  (using  diamond  paste  thinned  with  mineral  oil)  appeared  to  cause  some  sort  of  phase  change  or 
nanoscale  disintegration.  Fragments  of  processed  specimen  material  containing  BgO  (see  Table  I) 
invariably  were  observed  to  scratch  AljOj  (easily),  and  SiC.  These  results  were  corroborated  for  one  of 
our  B22O  specimens  sent  to  F.  Corrigan  at  the  General  Electric  Company.  Scratch  and  Knoop  hardness 
tests  (1000  gm  indenter  load)  indicated  that  the  B22O  specimen  exceeded  both  sapphire  and  silicon 
carbide,  but  was  not  as  hard  as  (and  was  scratched  by)  BZN  8000  compact  and  DCBN.  Tests  in 
comparison  to  boron  carbide  were  inconclusive.  This  tatter  observation  is  consistent  with  the  Knoop 
microhardness  results  of  Petrak  et  al.^  for  BgO  and  B4C,  who  reported  values  of  29.811.5  GPa  and 
29.611.3  GPa,  respectively.  In  turn,  this  result  supports  our  compositional  analyses  (Table  I),  which 
indicate  that  BgO  is  a  major  phase  in  the  B,0  specimens  for  which  x  >  5. 

Additional  specimens  of  BjjO  were  provided  to  T.P.  Weihs  at  the  University  of  Oxford  In  order  to 
evaluate  very  localized  hardness  values  using  a  nanoindenter  apparatus.  Their  differential  method,  which 
senses  the  depth  of  indentation  as  a  function  of  the  applied  load,  has  been  shown'*^  to  yield  the  plastic 
hardness  and  elastic  modulus  of  volumes  a  few  hundred  nm  in  cross  section.  At  the  smallest  scale. 
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even  inherent  atomic  lattice  properties  can  be  observed.  Thirty-nine  separate  nanoindentation  tests  were 
performed  on  the  boron  oxide  specimen  with  mixed  results.  The  initial  nine  tests  were  carried  out  with  a 
sharp  indenter  tip  and  yielded  very  high  nanohardness  values  (in  the  range  70  to  146  GPa).  However, 
because  the  analysis  of  the  technique  is  based  on  a  flat  punch  contacting  an  elastic  half-space,  a 
second  set  of  tests  (thirty)  were  conducted  with  an  indenter  tip  slightly  rounded  by  grinding.  The  results 
for  the  blunted  tip  were  over  an  order  of  magnitude  less,  with  hardness  values  in  the  range  0.8  to  6.9 
GPa. 

The  reasons  for  the  foregoing  discrepancies  and  anomalous  behavior  in  the  hardness  of  BjjO 
are  not  clear.  The  standard  microhardness  measurements  indicate  a  value  of  about  30  GPa,  which  is 
reasortably  consistent  with  a  primary  compositional  mixture  of  BgO  and  rhombohedral  B,  as  defined  by 
the  XRO  results.  However,  there  remains  some  suggestion  that  the  material  is  characterized  by, 
perhaps,  very  small  scale  features  of  extremely  high  hardness.  More  definitive  experiments  are 
necessary  to  confirm  and  understand  the  nature  of  these  observations. 

Our  foregoing  results  are  consistent  with  the  hot-pressed  (P=0.04  GPa:  T»1 900-2000 ’C) 
specimens  of  Petrak  et  al.^  over  the  limited  compositional  range  5  ^  x  £  8.  We  have  demonstrated  that 
the  same  phases  persist  out  to  V«  £  x  ^  24,  and  up  to  1.0  GPa  in  pressure.  However,  our  pressure  range 
was  insufficient  to  synthesize  the  high  pressure  phases  induced  in  BjOj  by  Dachille  and  Ro/  and  BjO 
by  Hail  and  Compton*  (graphite)  and  Endo  et  al.‘  (diamond-like),  which  appear  to  require  levels  in 
excess  of  2.2  GPa.  Our  observation  that  BgO  appears  to  be  stable  at  1.0  GPa  and  1350*0  is  consistent 
with  the  ambient  pressure  results  of  Rizzo  et  al.”  and  the  static  compression  data  of  Zubova  and 
Burdina.'  The  collective  results  suggest  that  the  stability  field  of  hexagonal  BgO,  relative  to  BjOj  -*■  B, 
decreases  in  temperature  as  pressure  increases. 
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Table  I.  Phases  Present  in  the  Boron  Suboxide  Specimens  Synthesi2ed  in  the  Pressure-Temperature 
Runs 


Bulk  Nominal  Mixture 

P= Ambient 

T=1700*C 

P  =  1.0  GPa 

T=1350*C 

B2O3 

BjOj 

B2O, 

B2O 

B2O3  +  BqO 

B2O3  +  BgO 

B«0 

B2O3  +  BgO 

B2O3  +  BgO 

BfiO 

BfiO 

BgO 

BaO 

BjO  +  B 

BgO  +  B 

B.O“' 

BjO  +  B 

BgO  +  B 

B220‘“’ 

BgO  +  B 

BgO  +  B 

B24O 

B  BgO 

B  •(-  BgO 

Range:  10  s  x  s  20  (in  increments  of  x=2). 
Run  also  ttiade  at  1.5  GPa  with  same  results. 
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Figure  i 
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SEM  0*  (100]  lace  of  single-crystal  diamond  after  contact  abrasion  with  B_..0  specimen 
and  etch  treatment  with  hot  nitric  acid. 


